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Modern cultivar barley, like other cultivated cereals, went through the so called 
“domestication syndrome”, by which early farmers subjected the crop to a 
consistent selection that led to gradual changes in its characteristics and 
architecture. The result is that the modern cultivar differs from the wild 
progenitor for several advantageous traits, such as enhanced crop yield and 
reduced height. However, domestication also caused fixation and narrowing of  
the genetic base of cultivated barley, making this crop less able to adapt to biotic 
and abiotic changes than its wild ancestor. This narrowed gene diversity is 
particularly acute in the pericentromeric heterochromatic (PCH) genomic 
regions because of the drastic reduction of recombination events in this area. 
Low gene diversity and low recombination rate in turn impinge upon subsequent 
breeding success to improve the cultivar. The PCH region of barley is permissive 
for gene expression, but any loci within it are trapped in large haplotypes by low 
recombination, so all this region is inaccessible to breeders who need to re-
assort alleles for crop enhancement. It is estimated that ca 18% of barley genes 
are affected by this problem. Therefore, it has been proposed to introduce exotic 
genetic material from wild species into cultivar germplasm. Wild barley Hordeum 
vulgare ssp spontaneum is rich in allelic diversity and represents a potential 
source of favourable alleles for qualitative and quantitative agronomic traits. In 
this study, we have used the multi-parental barley Nested Association Mapping 
(NAM) population HEB-25,, comprising 1,420 lines, sub-divided into 25 
families, each of which was generated by crossing the spring barley cultivar 
Barke with one of 25 different wild barley accessions. This thesis describes a 
two pronged strategy to exploit the genetic diversity in the HEB-25 lines, with 
the eventual goal of enhancing the agronomically useful biodiversity in cultivar 
barley. My experiments have addressed firstly Genome Wide Association Study 
(GWAS) of the HEB-25 population. GWAS relies on high throughput technology, 
which typically assays single nucleotide polymorphisms (SNPs), together with 
trait data obtained from experimental observation of plants. In this thesis I 
describe the results of a GWAS study of the HEB-25 population for yield-related 
traits, including the genomic regions identified, traits involved and in some 
cases presmptive candidate genes for future experimentation. Lastly, to improve 
the accuracy of the GWAS approach I describe our work on exome capture 
sequencing of the entire HEB-25 population. The second strategy used here 
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involves the generation of PCH substitution lines derived by back-crossing 
individual HEB-25 accessions to the parental Barke cultivar parent. These 
derived lines contain one or more wild-derived PCH regions, together with 
reduced contaminating exotic genetic material in the euchromatic arms. The 
eventual aim is to test if substituting a Barke-derived PCH region with a 
corresponding wild-derived segment can lead to improved agronomic traits. 
Details about the generation of the PCH progenies are described, involving 
backcross and self-cross cycles, as well as a subsequent preliminary field trial 
allowing phenotypic analysis of the pericentromeric substitution lines (PCSLs). 
Finally, hypotheses about possible candidate genes sited in the heterochromatic 
substitutions and linked to the phenotypic traits observed in the HEB progenies 





1.1 Barley domestication and dispersion 
Cultivated barley (Hordeum vulgare spp. vulgare) is the fourth most important 
cereal for providing food and beverages for humans and feed for livestock 
(Sreenivasulu et al., 2008, Schmalenbach et al., 2009, Sharma, 2012, Honsdorf 
et al., 2014, Maurer et al., 2015, Keller & Krattinger, 2017). It is a  Triticeae 
cereal and this tribe together constitutes the major sector of UK agricultural and 
food chain activity in the UK (Schmalenbach et al., 2009, Honsdorf et al., 2014). 
55-60% of barley is used for feed purposes; it is the principal diet source for 
poultry, livestock and fish, with a yield advantage of 10-20% between barley 
feed varieties compared with malting varieties (Sreenivasulu et al., 2008, 
Sharma, 2012). Between 30% and 40% of UK barley production is for malting 
and 2-3% for food. In marginal areas worldwide, with arid and problematic soils, 
barley is a major component of human food consumption (Grando & 
Macpherson 2005, Sharma, 2012). Barley’s adaptability to a wide range of 
climatic conditions has allowed its spread and distribution worldwide. Barley 
has good nutritional value and because of this is still a staple food in mountains 
regions of central and south-west Asia, as well as in Northern Africa (Sharma, 
2012). 
Barley, together with wheat and rye, belongs to the Poaceae family and Triticeae 
tribe (Jakob & Blattner 2006, Pourkheirandish & Komatsuda, 2007, 
Sreenivasulu et al., 2008). The genus Hordeum consists of 32 species and 45 
taxa (Pourkheirandish & Komatsuda, 2007, Sharma, 2012). All these 32 species 
have in common the spike structure with three single flowered spikelets at each 
rachis node (Sharma, 2012).  
Barley’s genome consists of seven chromosomes, which represent the basic 
genome of all the Triticeae (Sreenivasulu et al., 2008). Barley became a model 
plant for other Triticeae species (Sreenivasulu et al., 2008 International Barley 
Genome Sequencing Consortium (IBGSC), 2012, Baker et al., 2014) as well as 
the hexaploid wheat for the following reasons:  
1) It is diploid.  
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2) It has a relatively short life cycle.  
3) It shows a high degree of self-pollination and cross compatibility with  species 
within primary gene pool, namely members of the same species that belong of 
the same gene pool; hybrids generated by crosses between two species of the 
primary gene pool are generally robust, fertile and gene transfer is usually easy. 
Hordeum species are grouped into three gene pools (Harlan & de Wet, 1971): 1) 
the primary gene pool including cultivated barley and landraces together with 
their progenitor H. vulgare ssp. spontaneum; 2) the secondary gene pool that 
includes the species H. bulbosum, and 3) the tertiary gene pool, comprising 
mostly polyploids with tetraploid and hexaploid genome species (Harlan & de 
Wet, 1971, von Bothmer et al. 1995, von Bothmer et al. 2003b, Sharma, 2012). 
4) Detailed genetic maps using different markers are available (Inostroza et al., 
2009, Haseneyer et al. 2010, Sharma, 2012); The first one was developed using 
Restriction Fragment Length Polymorphism (RFLP) markers in 1991 (Graner et 
al. 1991; Heun et al. 1991). From it, barley genetic and genomics resources have 
been evolving until the generation of maps using high density sequence tagged 
microsatellite (SSR), diversity array technology (DArT) and expressed sequence 
tagged (EST) (Close et al. 2009, Marcel et al. 2007, Rostoks et al. 2005, Sato et 
al. 2009, Stein et al. 2007, Varshney et al. 2007, Wenzl et al. 2006, Sharma, 
2012). From ESTs numerous Single Nucleotide Polymorphism (SNP) markers 
were developed (Close et al. 2009; Kota et al. 2008; Sato et al. 2009). Nowadays 
there are several high-throughput SNP genotyping platforms that allow to 
screen several hundred genotypes with thousands of SNPs, at relatively low 
costs (e.g. Affymetrix gene chip and Illumina Goldengate) (Atwell et al. 2010, 
Close et al. 2009, Close et al. 2004, Sharma, 2012). Markers’ development and 
high-throughput platforms are discussed in details ahead in this chapter.  
Barley was domesticated around 10,000 years ago in the Fertile Crescent from 
the wild barley Hordeum vulgare ssp. Spontaneum (Pourkheirandish & 
Komatsuda, 2007, Sreenivasulu et al., 2008, Sharma, 2012, Honsdorf et al., 
2014, Keller & Krattinger, 2017), that was an important food crop in the 
Neolithic age (Honsdorf et al., 2014, Keller & Krattinger, 2017). The Fertile 
Crescent is one of the most ancient areas of crop domestication, as well as the 
center of origin and diversity of several important wild cereals, such as barley 
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and wheat, that are at the basis of human civilization (Sharma, 2012, Honsdorf 
et al., 2014).  
Following its domestication, wild barley spread across Eurasia, due to its 
environmental and morphological adaptability; in addition to the primary 
habitats, H. spontaneum expanded in Western Asia, eastern Mediterranean, 
Eastern Afghanistan and Turkmenia. Domesticated barley propagated to 
Europe, Africa, Iran, Afghanistan as well as India and China (Sharma, 2012). 
Although the Fertile Crescent is thought to be the area where all cultivated 
barley originated, there are studies that support multiple origins; in fact, a large 
number of wild barleys showing close genetic homology to cultivated barley have 
been found and collected in the extreme environment of the Tibetan Plateau, 
also called “the roof of the world” due to its high altitude (Dai et al., 2012).  
1.2 Genetic Erosion and allelic diversity 
Domestication of barley occurred with natural but also un-intentional selection 
by early farmers who induced gradual changes in the characteristics and 
architecture of this crop (Kilian et al. 2009; Salamini et al. 2002, Sharma, 2012). 
Indeed modern cultivars have several traits that differ them from the wild 
progenitor, collectively called “domestication syndrome’’ (Hammer 1984, 
Sharma, 2012). For example, modern cultivars have actually higher yield 
compared to wild ones. However, although domestication induced plants to 
produce high crop yield in semi-artificial environments (Nevo & Chen, 2010), it 
also led to the  fixation and narrowing of the genetic base of cultivated barley if 
compared with the wild species (Tanksley & McCouch 1997, Sharma, 2012, 
Honsdorf et al., 2014), limiting the breeding success of improved cultivars 
(Schmalenbach et al., 2009, Nevo & Chen, 2010, Honsdorf et al., 2014), since 
their lack of adaptation to biotic and abiotic stresses. Several studies reported 
the change of barley after domestication; Kilian et al. (2006) observed signs of 
genetic bottlenecks at seven loci in a barley population from Turkey, compared 
to wild barley. They found in domesticated genotypes that two loci loci (Amy1 
and GAPDH) were monomorphic, whereas in the remaining loci 87% of the 
nucleotide diversity was lost. Other studies found similar results about genetic 
bottlenecks during barley domestication (Christiansen et al. 2002, Donini et al. 
2000, Khlestkina et al. 2004, Kilian et al. 2006, Ordon et al. 2005, Roussel et 
al. 2004, Sharma, 2012). 
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Crop improvement and genetic research in barley have taken advantage from a 
partly ordered draft sequence assembly published in 2012 (The International 
Barley Genome Sequencing Consortium, 2012) and refined in 2017 (Mascher et 
al., 2017). However, the current draft assembly still retains some limitations 
which are direct consequences of two genomic features, namely the high 
abundance of transposable elements (TEs ) accumulated in the pericentromeric 
heterochromatic regions and the drastically reduced frequency of recombination 
events in the same regions. In fact, only 4.9% of the total barley genome is 
subject to highest recombination frequency (≤1 Mb/cM) (Künzel, et al., 2000). 
This subject is largely explained in the section below.  
1.3 Pericentromeric heterochromatic (PCH) regions 
The areas flanking centromeres are called pericentromeric (PC) regions, or 
simply pericentromeres (Topp & Dawe, 2006). Pericentromeres perform several 
functions among which maintaining the boundary between euchromatin and 
the centromere core (Chen et al. 2008), providing sites for cohesion of sister 
chromatids during mitosis (Lippman & Martienssen 2004), and repressing 
meiotic recombination events around the centromere (Ellermeier et al. 2010) 
(Hall et al., 2012). For years pericentromeres were considered transcriptionally 
silent because they are heterochromatin-rich and highly enriched for repetitive 
DNA (Hall et al., 2012). Furthermore, in animals heterochromatic regions are 
associated with transcriptional inactivity and suppressed genetic recombination 
(Jost et al., 2012).  
Many eukaryotic pericentromeres carry densely packed heterochromatin, 
marked by di- and trimethylation of lysine residues 9 and 27 of histone H3 
(H3K9me2, H3K9me3, H3K27me2, and H3K27me3) (Gopalakrishnan et al. 
2009, Hall et al., 2012). These histone modifications are usually associated with 
transcriptional silencing. However, plant heterochromatin contains many  
transcriptionally active genes (Nagaki et al., 2005), although very few 
recombination events. Because of this, pericentromeres are also called low-
recombining pericentromeric (LR-PC) regions, defined as “the continuous region 
surrounding the centromere for which recombination rate is 20-fold lower than 
the average for the barley genome” (Choo, 1998). This region comprises 6285 of 
35134 mapped barley genes (17.9%) (Figure 1) (Baker et al., 2014), and roughly 
48% of the sequenced barley genome. 
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Low recombination can potentially impact upon gene evolution (Begun & 
Aquadro, 1992; Hudson, 1994; Charlesworth et al., 2009, Baker et al., 2014). 
Low recombination rates lead to low genetic diversity because of bottlenecking 
(loss of multiple linked gene alleles through linkage to deleterious alleles). 
Genetic diversity in the PC region is further reduced by the selfing habit of most 
cereals included barley (The International Barley Genome Sequencing 
Consortium, 2012, Keller & Krattinger, 2017). In this situation, mutations that 
occur in genes within LR regions, although neutral or slightly deleterious, 
persist for many generations since there are insufficient recombination events 
to remove such mutations (Du et al., 2012, Baker et al., 2014, Keller & 
Krattinger, 2017), leading to gene damage.  
Most of the genes in LR-PC are surrounded by transposable elements (TEs). This 
are known to be repressed in plants through RNA silencing as well as DNA and 
histone methylation (Lippman et al., 2004; Hall et al., 2012, Baker et al., 2014), 
leading to heterochromatin formation (Berchowitz et al., 2009, Backer et al., 
2014). However, genic mRNA levels in PCH regions do not differ noticeably from 
mRNA levels in euchromatin (Baker et al., 2014); Baker et al. (2014) explored 
mRNA expression across all barley genome and they found no difference in RNA 
levels between genes in LR-PC regions and those in HR genome (Figure 2). This 
shows that the barley LR-PC region is permissive for gene expression, but the 
loci important for crop improvement in this region are trapped by low 
recombination in extended haplotypes bearing very low allelic diversity, so the 
entire PC compartment is largely inaccessible to breeders who need to re-assort 
alleles to achieve crop improvement (The International Barley Genome 





Figure 1. Definition, diversity and recombination of the LR-PC region of barley. 
Genetic versus physical map locations of barley’s genes on 2H. The centromere (dark 
grey oval) is surrounded by a continuous LR-PCH region (mid-grey bar), with light grey 
flanking LR regions. (Baker et al., 2014).  
 
Figure 2. Gene expression level independent of LR-PC region residency in barley. 
Expression parameters for barley genes (Y axes) are plotted against their linear order (X 
axes) on barley chromosome 1H. Grey bar= LR-PCH. Average RNA levels (arbitrary 
units), taken across 15 tissue types and developmental stages (Druka et al., 2006, Baker 
et al., 2014).  
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PC regions in plants with large genomes tend to be extremely large due to the 
accumulation of transposons (Topp & Dawe, 2006). Recombination combined 
with selection is the primary force to remove unnecessary sequences, but in 
pericentromeres this is suppressed, so repeats continually accumulate. In 
Arabidopsis for example, pericentromeres size has doubled due to accumulation 
of TEs, putative gene insertions and 5S rDNA (Lippman et al., 2004, Topp & 
Dawe, 2006, Baker et al., 2015). In tomato, the PCH comprises more than 75% 
of the genome. In soybean, ~57% of the genome is in PCH regions, and 16 of the 
20 chromosomes have LR-PC regions larger than the corresponding 
chromosomal arms (Du et al., 2012). In the soybean LR regions, there is only a 
6.9% of recombination, namely 18-fold reduction of recombination events. 
In support of this, in their recent study, Mascher et al. (2017) demonstrated 
severe erosion of genetic diversity in cultivated barley varieties. They produced 
seven chromosome-like sequences to match barley chromosome number, and 
then they identified and mapped 39,000 genes. These genes were only 1.4% of 
the genome, whereas the remaining part was repetitive sequences, mainly TEs 
(Keller & Krattinger, 2017). Moreover, they observed that towards the distal 
compartment at the chromosome extremities there was an exponential increase 
in gene number as well as in recombination rate (Figure 3). Interestingly, 
rapidly evolving defence genes have tended to accumulate in distal regions, 
whereas in proximal compartments “housekeeping” genes, regulating everyday 
cellular activities, are enriched (Figure 3) (Keller & Krattinger, 2017, Mascher 






Figure 3. Each barley chromosome has three compartments: distal, interstitial and 
proximal (Keller & Krattinger, 2017, Mascher et al., 2017). Distal regions comprises 
rapidly evolving genes, e.g. involved in defence. Proximal regions, on the opposite, have 
housekeeping genes, controlling everyday cell function. Recombination occurs easily in 
distal regions, but not in the proximal ones. In distal regions genes are organised in 
more dense clusters, on both short and long chromosome arms, with density decreasing 
proximally. Repetitive DNA sequences show a density that has the opposite 
arrangement. The interstitial regions have intermediate repeat and gene density  (Keller 
& Krattinger, 2017). 
An example that shows the consequence of lack of recombination in the 
proximal compartment is given by the HvCEN gene (Keller & Krattinger, 2017, 
Mascher et al., 2017) regulating adaptation to geographical latitude and time of 
flowering. This gene resides within the LR-PC region of chromosome 2H. So, 
when breeders select plants that carry HvCEN gene ideal for spring barley, they 
involuntarily must select also all the other genes in the same non-recombining 
region although they can be unfavourable. It is clear then that absence of 
recombination dramatically restricts exploitation of favourable alleles and 
diversity in the barley genome.  
1.4 New Genetic Materials for breeding 
To overcome this issue, several authors have proposed introducing exotic alleles 
from wild species, which are still rich in allelic diversity, in order to improve the 
cultivars through breeding programs (Schmalenbach et al., 2009, Inostroza et 
al., 2009, Sharma, 2012, Honsdorf et al., 2014). This is possible since wild and 
cultivated barley are interfertile; therefore, wild ancestors can be used as 
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progenitors in crosses with domesticated species to increase the genetic 
diversity of these latter (Inostroza et al., 2009). Wild germplasm is a source of 
many favourable alleles for several physiologic and agronomic traits, both 
qualitative and quantitative, including grain yield, salinity and drought 
tolerance, disease resistance, plant height, growth rate, etc. (Inostroza et al., 
2009). 
1.5 Quantitative trait locus (QTL) mapping 
Crop improvement consists of crosses between parents carrying desirable 
characteristics, followed by selection of the best lines among the progenies 
showing good performance in traits of interest (Inostroza et al., 2009). Often, 
agronomic traits of interest in many breeding programs are quantitative traits. 
These traits are influenced by genes and environments, so they tend to show 
many genotype by environment (G x E) interactions (Stich, 2009, Marathi et al., 
2012). In several cases has been reported that plant developmental genes such 
as flowering time (Ppd-H1), height (denso, uzu) and vernalization (Vrn-H1 and 
Vrn-H2), have direct effects on agronomic traits (Sharma, 2012). Therefore, one 
of the major objectives in plant breeding is to understand the genetic basis of 
these complex traits (Sharma, 2012). Quantitative traits are usually under the 
control of quantitative trait loci (QTLs) (Pillen et al., 2003, Rakshit et al., 2012, 
Sharma, 2012). In 1975, Gelderman described the QTL as ‘a region of the 
genome that is associated with an effect on a quantitative trait’. Therefore, 
identification of such loci has become of primary interest in breeding programs.   
Until 1980s barley was improved by “classical” breeding strategies, namely 
crossing of elite genotypes, followed by selection of offspring individuals with the 
characteristics that maximize the breeding goals (Schnaithmann & Pillen, 
2013). Quantitative traits in a population were estimated by various mating 
designs and the analyses were based on assumptions and statistical 
interpretations to predict response to selection (Marathi et al., 2012). However 
using morphological traits alone made the identifications of QTLs really difficult 
due to epistatic interactions as well as possible pleiotropic effects among the 
loci, and sensitivity to variations in environments (Doerge, 2002, Marathi et al., 
2012, Rakshit et al., 2012). To solve this problem, QTL mapping experiments 
can be designed to constrain the source of variation to a limited number, 
simplifies the dissection of a complex phenotype (Doerge, 2002). Therefore, the 
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first step is generating populations from homozygous, inbred parental lines, to 
produce a large number of recombinants to ensure an accurate analysis of the 
trait investigated.  
1.6 Bi-parental and multi-parental populations 
Creating populations which segregate for traits under investigation is a major 
resource for scientists in animal and plant genetics. Such populations combine 
well-characterised founder genomes in controlled pedigrees and facilitate 
investigating both the corresponding genome and its relationship with traits and 
environment (Huang et al., 2015). Most traditional QTL mapping studies in 
plants have used bi-parental populations. One major limitation in bi-parental 
cross-derived mapping populations is that it is possible to map only two alleles 
at a given locus at the same time (Pillen et al., 2003, Stich, 2009, Rakshit et al., 
2012, Huang et al., 2015, Sannemann et al., 2015).  Therefore, bi-parental 
crosses explore limited genetic variation at any given locus, which represents 
only a very small fraction of the entire genetic diversity available (Huang et al., 
2015, Sannemann et al., 2015).  To overcome this problem Mott et al. (2000) 
generated highly recombinant outbred populations that named heterogeneous 
stocks (HS) from multiple parents in mice (Mott et al., 2000, Sannemann et al., 
2015). QTL studies using HS increased power and precision to detect and 
localise QTLs, leading to a more precise mapping of QTLs controlling complex 
traits in mice. In plants, HS have been called “multi-parental populations 
(Sannemann et al., 2015). 
One of the major advantages of multi-parental populations over bi-parental ones 
is that they are ideal for high-resolution QTL mapping (Doerge, 2002). A multi-
parental design combines the high mapping power of a linkage study with the 
high mapping resolution derived from multiple generations of recombination. In 
QTL mapping high precision is fundamental to identify the genes responsible 
for a trait of interest (Sannemann et al., 2015). Two good examples of multi-
parental populations used in plants are Multi-parent Advanced Generation 
InterCrosses (MAGIC) and Nested Association Mapping (NAM) populations 




1.7 Molecular markers development   
Conventional plant breeding brought enhancements, such as pest resistance, 
yield improvement, and quality traits. However, it was an incredibly time 
consuming process (Kruger, 2007), due to the impossibility to select at early 
stages improved genotypes. The development of molecular markers in late 1980s 
allowed a deep understanding of genome structure and organization, since it 
was finally possible to identify and tag the desired genes controlling traits (Pillen 
et al., 2003, Gupta et al., 2005, Singh et al., 2008, Sreenivasulu et al., 2008, 
Marathi et al., 2012, Sharma, 2012, Schnaithmann & Pillen, 2013). Once genes’ 
position is identified, genes can be physically isolated and characterized. 
Therefore, once a desired population is generated, the first step is using markers 
to genotype and map that population, to detect accurately the position of the 
loci specifying traits of interest. Then, the markers are used to follow the 
segregation of these loci through generations in breeding programs, to select to 
every round only those lines still carrying the desired genetic background. 
Moreover, molecular markers are not affected by environment conditions and 
they can be performed at early growth stages, allowing accurate early selection 
and rapid planning of subsequent crosses, reducing time and costs of variety 
development (Sreenivasulu et al., 2008). Different molecular markers have been 
developed for the detection and exploitation of DNA polymorphisms in crops, 
including maize (Edwards et al., 1992, Stuber et al., 1992), tomato (deVicente 
& Tanksley, 1993, Paterson et al., 1988), and barley (Pan et al., 1994, Mohan et 
al., 1997, Sharma, 2012).  The markers that have most commonly be used in 
plants since the last decades are Restriction Fragment Length Polymorphism 
(RFLP) markers, Amplification Fragment Length Polymorphisms (AFLPs) 
markers, Simple sequence repeats (SSRs) and the most recent Single nucleotide 
polymorphisms (SNPs).  
1.7.1 Restriction Fragment Length Polymorphism (RFLP) 
In 1991 the first molecular linkage map using Restriction Fragment Length 
Polymorphism (RFLP) markers was developed (Botstein et al., 1980, Mohan et 
al., 1997, Graner et al., 1991, Kleinhofs et al., 1993, Sreenivasulu et al., 2008, 
Sharma, 2012). Initially RFLPs were used in human  genome mapping  (Botstein 
et al., 1980, Mohan et al., 1997). Later, RFLP markers were also used to map 
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several agronomic traits including quality traits and resistance against many 
diseases in plant genomes, including barley (Mohan et al., 1997, Sreenivasulu 
et al., 2008). The most extensive analysis using RFLPs was done for rice; in fact 
the Rice Genome Research Program (RGP) in Japan (Kurata et al., 1994) 
developed a rice genetic map using ca. 2300 DNA markers including ca.  1500 
cDNA  markers, whereas Causse et al. (1994) developed a rice genetic map with 
ca.  800  RFLPs. About barley, Graner et al. (1991) developed a highly 
polymorphic RFLP map of barley analysing two barley populations, one 
comprising 71 F1 double haploid (DH) individuals generated by the IGRI x 
FRANKA intraspecific cross, and the other including 135 individuals generated 
by the VADA x H. spontaneum interspecific cross. Kleinhofs et al. (1993) 
generated 152 cDNA RFLPs and 114 genomic DNA RFLPs to map barley 
(Hordeum vulgare) genome.  
 Another barley genetic map of 92 RFLP was developed using 94 lines crossing 
the winter barley variety Igri and the spring variety Triumph, which segregate 
for eight QTLs controlling flowering time (Laurie et al., 1995). RFLP analysis, 
however, is time consuming, labour intensive and expensive (Mohan et al., 
1997, Singh et al., 2008), especially with species like barley that have a large 
genome size (Bennett et al., 1995, Qi et al., 1998) and has been superseded by 
other methodologies (see below).  
1.7.2 Amplification fragment length polymorphisms (AFLPs) 
Following RFLP, a more efficient DNA marker technology was developed, the 
Amplification Fragment Length Polymorphisms (AFLPs) (Becker et al., 1995, 
Thomas et al., 1995, Vos et al., 1995, Wise, 2000). Using AFLP markers it is 
possible to detect at least 10 times more polymorphisms than RFLP analysis 
(Wise, 2000). AFLP technology is based on PCR amplification and restriction 
enzymes that generate a huge number of restriction fragments that ease the 
detection of polymorphisms (Vos et al., 1995, Mohan et al., 1997). Becker et al. 
(1995) developed one of the first AFLP linkage maps in barley. Also Waugh et al. 
(1997) generated 850 polymorphic AFLPs in three different DH barley 
populations, whereas 563 AFLP markers segregating in a barley recombinant 
inbred population were developed by Qi et al. (1998).  AFLP analysis was initially 
attractive in studies in segregating populations due to the high reproducibility 
and rapid marker generation (Mohan et al., 1997). However, AFLPs were still 
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expensive since the bands were detected by radioactivity, fluorescent dye or 
silver staining and band comparison among gels was subjective and hence 
error-prone. For these reasons AFLP has also been largely abandoned in modern 
barley breeding applications.  
1.7.3 Simple sequence repeats (SSRs)  
There has been a continuous evolution of genetics and genomics resources, 
such as high density simple sequence repeat (SSR) markers and expressed 
sequence tag (ESTs) linkage maps (Sreenivasulu et al., 2008). Simple sequence 
repeats (SSRs) are ubiquitous in eukaryotes and are also called microsatellites. 
They are based polymorphisms in the number of repeat units at a locus and 
this type of polymorphism is both highly polymorphic and very reproducible 
(Weber & Helentjaris, 1989, Jacob et al., 1991, Mohan et al., 1997). Liu et al. 
(1996) developed 45 SSRs to integrate them into an existing barley linkage map. 
Later, Ramsay et al. (2000) developed another linkage map of barley using a 
total of 568 SSR markers, whereas Varshney et al. (2007) constructed a genetic 
map with 775 SSR loci based on six different barley populations.  
In parallel, expressed sequence tags (ESTs) from different cDNA libraries were 
developed from large scale sequencing projects (Sreenivasulu et al., 2008). ESTs 
were used to analyse expression, structure and function of genes, as well as to 
understand the chromosomal structure and organisation of genomes (Wu et al., 
2003). An EST is simply a segment of sequence from a cDNA clone 
corresponding to a mRNA and the information generated is usually stored in 
databases. In barley, EST alignments were shown to represent circa 75% of all 
genes in barley genome (Zhang et al., 2004, Sreenivasulu et al., 2008). 
Therefore, ESTs are a good resource for large genome cereals like barley, since 
they ease the understanding of genes and the organisation and evolution of 
genomes (Sreenivasulu et al., 2008). However, ESTs still failed to provide 
regulatory information because the full length of sequences was not available. 
Moreover, since they are not properly markers, they need to be associated with 
a marker technology (e.g. Illumina, KASP,etc).  
In summary, RFLP and AFLP linkage maps accelerated the study of several 
agronomic traits including quality traits and resistance traits (Singh et al., 2008, 
Sreenivasulu et al., 2008). Later, SSRs became available in large quantity and 
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facilitated the systematic development of functional markers, using appropriate 
software tools. However, SSR genotyping was laborious and time-consuming, 
leading to limits on power and efficiency of chromosomal coverage, gene 
discovery and genetic analyses (Huang et al., 2009). In general, all methods that 
rely on size separation of multiple fragments of DNA raise problems of how to 
correlate the allelic variants with the bands seen on the gel (Jaccound et al., 
2001). Moreover, such methodologies (e.g. SSRs) typically require pre-
identification of a polymorphism site before the possibility to analyse the other 
individuals. Furthermore, a lot of central studies on QTLs using these markers 
relied on traditional linkage mapping analyses (Gupta et al., 2005, Inostroza et 
al., 2009). 
1.7.4 Single nucleotide polymorphisms (SNPs) 
SNPs are the modern units of genetic variation in the DNA sequence and in 
human genome they occur at high frequency (Altshuler et al., 2010, Bush & 
Moore, 2012). Usually SNPs have two alleles, so in a population there are two 
base-pair possibilities at a SNP location (Bush & Moore, 2012). SNP markers 
were developed and used for barley, rice (Oryza sativa), Arabidopsis (Arabidopsis 
thaliana), barrel medic (Medicago truncatula), maize (Zea mays), and wine grape 
(Vitis vinifera) (Martínez-García et al., 2012, Sharma, 2012). SNPs have several 
advantages over other molecular markers for genetic mapping. First, SNPs map 
QTLs with greater precision than RFLPs or SSRs since they possess fewer 
detection/evaluation errors (Ball et al. 2010; Yu et al. 2011, Martínez-García et 
al., 2012). Second, they are often transferable among species of the same genus 
(Akhunov et al. 2009; Aranzana et al. 2005; International HapMap Consortium 
et al. 2007; Martínez-García et al., 2012). Third, SNPs can be used for all types 
of association mapping, evolutionary analysis, population structure analysis, 
genetic mapping and in molecular breeding.  
1.8 SNP-based platforms for marker studies 
Among the primary SNP-based platforms used for most GWA studies, there are 
diversity arrays technology (DArT), Affymetrix and Illumina microarrays (Wenzl 
et al., 2004, Rostoks et al., 2006, Sreenivasulu et al., 2008). In plant species, 
included barley, they have been well established and are helping dramatically 
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to increase the identification of marker traits associations, and potential 
candidate genes’ discovery (Sreenivasulu et al., 2008). 
1.8.1 Diversity arrays technology (DArT) 
Diversity arrays technology (DArT) is a complexity reduction methodology based 
on DNA hybridization, which can simultaneously assay hundreds to thousands 
of markers across a genome (Jaccoud et al., 2001, Wittenberg et al., 2005, 
Bolibok-Brągoszewska et al., 2009, Sansaloni et al., 2010, Yadav et al., 2016). 
NGS DArT platform allows high resolution genetic analyses for fine QTL 
mapping, complex phylogenetic and evolutionary investigations and genome-
wide analyses. DArT technology have been reported in several studies regarding 
Arabidopsis (Wittenberg et al., 2005), rye (Bolibok-Brągoszewska et al., 2009), 
oat (Oliver et al., 2011), wheat (Akbari et al., 2006), and barley (Wenzl et al., 
2004).  
1.8.2 Affymterix and Illumina array technology 
Together with DArT technology, in recent years there has been an immense 
increase in the development of high‐throughput microarray technologies for 
marker scoring. This success has led to the generation of several microarray 
platforms that differ in the type of probes (short- or long- oligonucleotide, cDNA, 
etc.), labelling method, and production method (microbeads, spotting, in situ 
polymerization, etc.) (Barnes et al., 2005). One of the best features of microarray 
technology is that more than one million different probes can be run at the same 
time on an array circa the size of a thumbnail (Dalma‐Weiszhausz et al., 2006). 
This allows the inclusion of multiple probes to interrogate the same genomic 
region, giving high statistical rigor to data interpretation. These platforms 
provide a fast, cost-effective, reliable method to scale the continuous increasing 
amount of genomic information.  
The two primary SNP genotyping platforms in use at the moment are Illumina 
and Affymetrix (Distefano & Taverna, 2011, Bush & Moore, 2012). Affymetrix 
GeneChips carry immobilized oligonucleotides spotted onto an array which 
recognise specific SNP alleles in DNA or RNA hybridized to the chip (Barnes et 
al., 2005, Distefano et al., 2011, Bush & Moore, 2012). Affymetrix arrays are 
generated by in situ synthesis of 25mer oligonucleotides on the array (Lockhart 
et al., 1996, Barnes et al., 2005). The first high throughput SNP genotyping 
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platform for barley used the Illumina GoldenGate assay, which included 1,572 
SNP markers (Fan et al., 2003, Close et al., 2009, Bayer et al., 2017). 
Subsequently an improved Illumina platform was developed that featured a 
higher number of SNP markers, namely the 9k Illumina Infinium iSelect Custom 
Genotyping BeadChip (Comadran et al., 2012), which holds 2,832 markers 
generated from the previous GoldenGate and 5,010 further markers based on 
SNPs in Illumina RNAseq data from 10 UK elite crops  (Bayer et al., 2017). 
Recently Bayer et al. (Bayer et al., 2017) developed the 50k Illumina Infinium 
platform. Infinium BeadChips uses 50-mer probes highly specific for a locus, 
stopping 1 base before the SNP of interest 
(https://www.illumina.com/content/dam/illumina-
marketing/documents/products/technotes/technote_iselect_design.pdf). 
Marker specificity is conferred by enzymatic single-base extension to 
incorporate a labeled nucleotide. Subsequently, a dual-color fluorescent 
staining allows to detect the incorporated nucleotide. The fluorescence intensity 
is given by methylated and unmethylated DNA signals (Triche et al., 2013). The 
level of DNA methylation is estimated by the ratio of DNA methylation intensity 
over the total, M/(M+U), with M being the average fluorescent signals from 
methylated, and U from unmethylated, bead types. Infinium BeadChips uses 
two different types of bead type (probes) design, depending of SNP type and 
marker assayed; one design involves only 1 bead type per locus, allowing 
genotyping of most loci in most organisms. The other design is usually chosen 
for less common SNPs and uses two bead types per locus.  
Illumina chips have higher cost but better specificity. The best feature of 
Illumina assay, however, is the direct genotyping on the genomic DNA without 
prior requirement of PCR amplification of the genotyping target (Fan et al., 
2006). Illumina Infinium iSelect genotyping arrays  have been extensively used 
for plant genotyping in rice (Chen et al., 2014), wheat (Wu et al., 2015), soybean 
(Song et al., 2013) and barley (Comadran et al., 2012, Bayer et al., 2017). Several 
studies, including the International HapMap Project (The International HapMap 
Consortium, 2003), have used Illumina platforms to generate a huge amount of 
genotyping data with great call rate and accuracy (Fan et al., 2006). The great 
flexibility of the Illumina system permits the design of arrays that are tuned to 
their intended use (Dalma‐Weiszhausz et al., 2006), e.g. whole- or exome- 
genome mapping.  
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1.9 Sequencing-based platforms for marker studies 
With next-generation sequencing (NGS) advent, new and more effective 
sequencing strategies have been developed for discovery, validation and 
assessment of molecular markers in populations (Davey et al., 2011, Poland et 
al., 2012), including genotyping-by-sequencing, as well as whole-genome and 
exome-genome capture sequencing. 
1.9.1 Genotyping-by-sequencing (GBS) 
Genotyping-by-sequencing (GBS) has been developed for genomics-assisted 
breeding and association studies in various species including complex genomes 
(Poland et al., 2012, Golicz et al., 2015). GBS is based on restriction enzymes 
(REs) to reduce targeted complex genomes following multiplex sequencing to 
generate high-quality polymorphism data at a relatively low cost. In practice, 
the genomic sequence flanking restriction enzyme generate a reduced 
representation of the genome under analysis. This method is quick, easy, 
specific and highly reproducible (Atwell et al., 2010, Elshire et al., 2011, Poland 
et al., 2012), and it has already been applied to various plant species, among 
which rice, maize, artichoke, barley, and Arabidopsis thaliana (Poland et al., 
2012, Golicz et al., 2015). However, GBS method can be accompanied by high 
number of erroneous SNP calls that complicate the bioinformatics analysis, 
since they are not easily diagnosed or corrected (Wing et al., 2013). GBS can 
then contain large missing data across samples, since random fragments of 
genome are low depth sequenced, with the consequence that several loci can 
have zero coverage in some individuals (Elshire et al. 2011, Wing et al., 2013). 
Usually missing data proportion depends on the library complexity and 
sequencing depth; greater sequencing depth corresponds to smaller proportion 
of missing data, but with an increment in genotyping cost (Wing et al., 2013). 
1.9.2 Whole-genome and exome-genome sequencing 
Due to the persistent drop in sequencing cost, there has been in recent years a 
shift from microarray-based genotyping to whole genome or targeted genome 
region sequencing (Ng & Kirkness, 2010). Genome sequencing can potentially 
provide the complete gene list of an organism (Doerge, 2002). However WGS is 
still expensive to conduct on a large scale (Ng & Kirkness, 2010), especially for 
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plant genomes that are often complex, repetitive and large (Yadav et al., 2016). 
Although the advent of NGS strategies made the prohibitive cost of WGS 
cheaper, searching for variants that affect genotypes has still high costs if 
compared to targeted sequencing strategies such us exome sequencing. The 
exome is the whole set of exons in all the genes and represents only the 1-2% of 
the genome (Yadav et al., 2016). Exome sequencing gives detailed information 
of variants in coding regions of the genome of a large number of individuals in 
a more cost-effective manner and with deep coverage (Warr et al., 2015, Yadav 
et al., 2016). It comprises two steps: 1) exome capture, and 2) sequencing. Exist 
different methods of exome capturing, but they all have in common basic steps 
involving fragmentation of genomic DNA, selecting fragments having exons with 
probe hybridization and PCR amplification. Exome sequencing in barley helped 
to detect mutations involved in early maturation, and to identify a gene linked 
to many-noded dwarfism (Mascher et al., 2013, Yadav et al., 2016). In sum, 
although WGS can potentially give information about all the genes of an 
organism, times and costs are huge, whereas targeted sequencing like exome 
sequencing offers a better strategy, which focus only on the targeted regions of 
interest (exons), avoiding to sequence unnecessary regions of a genome such us 
introns and repeated sequences. 
As mentioned in 1,6 section of this chapter, generating a proper population 
coupled with marker technology, is fundamental for QTL mapping and gene 
association analysis. The two main multi-parental populations that have been 
used together with  SNP-based platforms based on GWA studies are Multi-
parent Advanced Generation Inter-Crosses (MAGIC), and Nested Association 
Mapping (NAM) populations. 
1.10 Linkage analysis 
Linkage analysis has been one of the basic and fundamental methods in 
genetics (Mohan et al., 1997). It defines the genetic distance between 
polymorphic loci. Linkage analysis carries several disadvantages that limits 
studies on QTLs and candidate gene discovery. For example, it requires the 
growth of three generations before linkage analysis is possible (Skot, 2003). 
Moreover, very large segregating populations are needed to achieve a high 
resolution map. Especially in breeding programs a suitable design for crosses 
and development of mapping population(s) is required (Skot, 2003, Gupta et al., 
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2005, Inostroza et al., 2009). This can be a serious limitation in linkage studies, 
since in some cases the desired crosses cannot be made, such as in forest trees, 
and/or the examined mapping populations can be too small, with only two 
alleles at a specific locus. Furthermore, the most part of studies in mapping and 
detection of QTLs used early generations (F2, F3 and BC1) and the favourable 
QTL alleles, once purified in elite lines, lost their effects (Pillen et al., 2003, Stich, 
2009). This could be because of the high level of epistatic interactions in early 
generations between QTLs and other donor genes. The result is that linkage 
analysis takes a lot of time, requires substantial effort, and the map has low 
resolution (Skot, 2003).  
1.11 Association mapping analysis 
Association mapping, also called linkage disequilibrium (LD) mapping, has been 
the most effective strategy of choice to replace linkage studies in breeding 
programs (Risch & Merikangas, 1996, Cardon & Bell, 2001, Tabor et al., 2002, 
Carlson et al., 2004, Hirschhorn & Daly, 2005). It uses the relationship between 
inheritance of an allele of one SNP with the allele of another SNP within a 
population (Pe'er et al., 2006, Bush & Moore, 2012). Association mapping has 
the potential to identify QTLs, as well as causal polymorphism within a gene, 
which is responsible for the variation in phenotype (Gupta et al., 2005). This 
approach also allows identification of haplotypes that represent different allele 
combinations in a gene and haplotype blocks which are different allele 
combinations of multiple linked genes. It is possible to estimate the length of a 
region within which LD persists, allowing easily planning and design of 
association studies (Gupta et al., 2005). Association analysis is a method of 
choice for genetic analysis in organisms where it is difficult to establish 
experimental segregating populations (Reich et al., 2001, Sreenivasulu et al., 
2008). The two main advantages that association mapping has over linkage are:  
1. No crosses or pedigrees are needed, so it is easier to collect data 
(Nordborg & Tavarè, 2002, Aranzana et al., 2005); 
2. Since the haplotype extent between unrelated individuals represents the 
recombination’s action over a lot of generations, association studies have 
much  higher resolution than linkage mapping.  
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Loci close to each other usually have strong LD. LD extent can differ, and the 
extent determines how many markers are required to cover the genome, 
therefore LD extent determine the resolution of marker-trait association 
(Sharma, 2012). Thus, a population with high LD means few markers are 
needed to detect marker-trait associations, but the resolution is low, whereas 
low LD in a population means dense marker coverage is required but high 
mapping accuracy is achieved. In summary, association mapping requires a set 
of SNP markers that cover the whole genome to find causal mutations or SNPs 
in linkage disequilibrium with the causal mutation (Aranzana et al. 2005; Flint-
Garcia et al. 2005). Including an appropriate number of individuals, depending 
upon the LD present, is needed to guarantee sufficient mapping power in 
association studies. The generation of extremely high density genetic maps for 
association mapping needs prior genotyping of large progeny numbers at a huge 
number of loci (Troggio et al. 2007; International HapMap Consortium 2007), 
leading therefore to the requirement for genotyping platforms able to deal with 
these numbers of loci and individuals (Akhunov et al., 2009). Genome-wide 
association studies (GWAS), coupled with SNP-based platforms, can offer the 
required support for such analyses.  
1.12 Genome-wide association studies (GWAS)  
Due to the diffusion of SNP-based genotyping platforms and state-of-the-art 
technologies, association  analyses were made possible at a more advanced 
level, leading to the so-called genome-wide association studies (GWAS) (Rostoks 
et al., 2006, The International HapMap Consortium, 2007, Sreenivasulu et al., 
2008, Xu & Taylor, 2009, Bush & Moore, 2012).  
Such GWA strategies greatly benefit from linkage disequilibrium (LD), and 
consist in genome- based high throughput technologies able to assay 
simultaneously thousands of markers based on single nucleotide 
polymorphisms (SNPs) (Pearson & Manolio, 2008, Sreenivasulu et al., 2008, 
Huang et al., 2009, Hindorff et al., 2009, Zhao et al., 2011, Sharma, 2012). 
Genotyping a mapping population holding several hundred individuals became 
possible in weeks rather than months or years usually required with 
conventional markers and mapping studies (Huang et al., 2009). Moreover, in 
GW studies once the lines are genotypically characterized, it is possible to reuse 
the same genetic data many times for different phenotypes and environments 
30 
 
(Zhao et al., 2011). The principal purpose is detecting associations between the 
frequency of genotype and the status of trait (McCarthy et al., 2008). In other 
words, GWAS approach is an association study which scrutinizes the genome 
for casual genetic variants; since there are not assumptions about the genomic 
location of these variants, GWAS can use the advantages of association studies 
without the need to guess the casual genes’ identity (Hirschhorn & Daly, 2005). 
This approach, therefore, represents a valid option to use even in the absence 
of solid evidence of the location or function of the casual genes. In humans GWA 
studies have been largely adopted to map novel loci influencing common disease 
risks (Wellcome Trust Case Control Consortium, 2007, McCarthy et al., 2008, 
Cockram et al., 2010). Due to this success in human studies, GW approach was 
also adopted for plant species (Thornsberry et al., 2001, Stracke et al., 2009, 
Cockram et al., 2010). Since the rapid evolution of these high-throughput 
technologies, the most recent SNP-based genotyping platforms have also been 
called next-generation sequencing (NGS) methods (Bentley et al., 2008, Clarke 
et al., 2009, Harris et al., 2008, Margulies et al., 2005, Shendure et al., 2005, 
Kircher and Kelso, 2010, Bush and Moore, 2012). The name couples the 
increasing number of genome sequences and the possibility to redesign 
genotyping strategies to enhance the effectiveness of genetic mapping and 
genome analysis.  
1.13 Multi-parent populations for GWAS 
1.13.1 Multi-parent Advanced Generation Inter-Crosses 
(MAGIC) populations 
Multi-parent Advanced Generation Inter-Crosses (MAGIC) populations derive 
from multiple founders which are inter-mated for several generations before 
creating inbred lines. The result is a diverse population with genomes that are 
fine-scale mosaics of the founders’ contributions (Huang et al., 2015). MAGIC 
populations carry the advantage of bi-parental populations in that the alleles 
occur at high frequencies because the number of founders is limited. However 
this kind of population contains much higher genetic diversity. A disadvantage 
is that MAGIC populations require greater set-up efforts than bi-parental, given 
by the complexity of the design, the time invested to generate it and the number 
of factors that can affect the diversity, power and resolution of the progeny. 
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Thus, MAGIC populations need to be carefully planned before starting with the 
lines’ development. However once the founders are carefully selected, it ensures 
a relevant long-term genetic resource panel (Huang et al., 2015).  
In the first stage of MAGIC population development, multiple parents are 
intercrossed to provide a broad genetic base (Figure 4) (Huang et al., 2015). 
This step was inspired by the study proposed by by Mott et al. (2000) and 
Demarest et al. (2001), where an outbred population derived from multiple 
parents is created. Then, inbred founders are paired off and inter-mated in a set 
order for every line, called funnel (Huang et al., 2015). At this stage, if each 
recombinant inbred line (RIL) is a 2n-way cross’s product, n generations will be 
required in the mixing stage. The result will be a set of lines with genomes that 
comprise contributions from every founder used (Figure 4) (Huang et al., 2015). 
 
Figure 4. Stages of MAGIC population development design for eight founders (A) 
selection of founders based on geographic, genetic, phenotypic diversity. The maternal 
pedigree tree is presented at the bottom for an eight-way MAGIC population with each 
ring representing a subsequent generation; (B) mixing of parents together in predefined 
patterns, or funnels (denoted by symbol on right); (C) intercrossing of individuals 
(generations denoted by number within crossed circle) derived from different funnels for 
additional generations; (D) selfing (generations denoted by number within circular 
arrow) or double haploidization of individuals either directly from funnels or after 
advanced intercrossing to form inbred lines (from Huang et al., 2015). 
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MAGIC populations have already been generated in several crops such as rice 
(Bandillo et al. 2013), Arabidopsis thaliana (Kover et al. 2009), as well as wheat 
(Mackay et al. 2014), chickpea, and several others (Huang et al., 2015, 
Sannemann et al., 2015). Sannemann et al. (2015) developed the first barley 
MAGIC DH lines, with the advantage of shorter breeding process and high 
percentage of homozygosity in the population.  
However, achieving an optimal level of genetic diversity in MAGIC populations 
is a difficult task. Using landraces as founders can introduce greater diversity, 
but at the same time can reduce the breeding population’s applicability. 
Moreover, in some species there can be genetic incompatibility, which would 
lead to a big reduction in progeny number that may be derived from specific 
crosses (Huang et al., 2015). Multiparental inter-cross populations require  
larger amounts of time and much more resources and money to generate. In 
addition,  they tend to show chromosomal rearrangements, wild introgressions 
and other chromosomal differences that may also compromise the generation of 
the final population reducing the effectiveness of complex traits analysis 
(Rakshit et al., 2012, Huang et al., 2015). There is also a further concern that 
must be considered, namely the relatedness level in the generation of a limited 
number of funnels due to shared recombination events (Huang et al., 2015). If 
the number of individuals is small at any generation, lines that derive from them 
will be related each other, leading to a reduction in genetic diversity. Moreover, 
MAGIC tends to show wide segregation for developmental traits, e.g. plant height 
and maturity. Trait segregation can influence complex traits’ general 
performance like yield or drought tolerance, limiting the analytical utility of the 
trait (Varshney et al. 2009, Gupta et al. 2010, Rakshit et al., 2012). This 
limitation can be reduced by a careful  selection of parents. Also large scale 
phenotyping is another issue in MAGIC, that could be addressed with high 
throughput phenotyping strategies. These facilities, however, are not quickly 
available with breeders, and this limits further the extensive applicability of 
such next generation mapping resources (Rakshit et al., 2012). 
All these limitations linked to MAGIC often impede researchers from fully 
exploiting the potential of their populations (Huang et al., 2015). However, the 
MAGIC design is not the only type of multiparental population (Stich 2009). Yu 
et al. (2008) proposed the nested association mapping (NAM) strategy, which 
exploits recombinant inbred lines (RILs), namely lines derived from several 
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crosses of parental inbreds (Stich, 2009, Rakshit et al., 2012, Huang et al., 
2015).  
1.13.2 Nested Association Mapping (NAM) populations 
Nested Association Mapping (NAM) strategy involves complex trait dissection at 
a fundamental level and generates a common mapping resource allowing an 
efficient usage of genetic and genomic tools (Yu et al., 2008). This kind of 
populations use a mapping design which combines the advantages of linkage 
studies and association mapping to investigate genomic regions with 
unprecedented genetic resolution and allelic diversity (Yu et al., 2008, Maurer 
et al., 2015). NAM procedure involves five principal steps: 1) selecting several 
different founders to generate a large set of related mapping progenies; 2) 
densely genotyping the founders, 3) genotyping a small number of tagging 
markers on both founders and progenies to identify chromosomes segments 
inheritance and to project the high-density marker information from the 
founders to the progenies; 4) phenotyping the NAM progenies for complex traits; 
5) performing GWAS analysis relating the phenotypic traits with the high density 
markers of the progenies (Yu et al., 2008). A typical NAM design is illustrated in 
Figure 5; the common parent is crossed with several different founders 
generating the offspring F1, followed by self-crossing to generate segregating F2 
population. Out of each F2 population, a consistent number (in figure 5 is, for 
example, 200) of recombinant introgression lines (RILs) are derived. Generally, 
the initial diverse founders are chosen trying to maximally capture the genetic 




Figure 5. Diagram of genome reshuffling between several diverse founders and the 
common parent and the resulting hundreds immortal genotypes. Since 
recombination chances diminish over short genetic distance and a given number of 
generations, the genomes of the RILs generated are mosaics of the founder genomes.  
The genomes of the RILs generated are mosaics including different chromosomal 
segments of their parental genomes. Within these segments, the linkage 
disequilibrium (LD) present in the parental inbreds is conserved (Yu et al., 
2008). So with NAM it is possible to exploit both recent and ancient 
recombination, leading to a high mapping resolution (Yu et al., 2008). The 
factors influencing the power for QTL detection in a NAM scheme are the 
following; 1) the plant species used; 2) the genetic architecture of the trait of 
interest; 3) total population size – higher power for QTLs was observed in 
populations with higher number of entries; 4) inbreeding design; 5) number of 
parental genotypes used to generate the population (Stich, 2009) – NAM 
populations established with higher number of parental inbreds were observed 
to have higher power, probably due to the increased number of polymorphic 




















The first NAM population was created by Yu et al., (2008) in maize. The maize 
NAM population was generated by pooling 5000 RILs from 25 different families, 
each one generated from crossing 25 diverse inbred line of maize with one 
recurrent parent, B73 (Yu et al., 2008, Buckler et al., 2009, Rakshit et al., 2012). 
This maize NAM population permitted a robust QTL mapping with an 
unprecedented estimation of gene effects, gene-environment interactions, 
epistasis and pleiotropy (Buckler et al., 2009). In this study the maize NAM 
population was exploited to study variation for flowering time in maize. Their 
results demonstrated that the large differences in flowering time observed 
among the maize lines are caused by cumulative effects of multiple QTLs, each 
with small impact on flowering time, instead of few genes with large effect 
(Buckler et al., 2009). Moreover, marker saturation of maize NAM allowed the 
precise detection of the maize vgt1 locus containing rap2.7 gene, which is 
involved in flowering time under the control of an enhancer region ca 70 kb from 
the gene (Salvi et al., 2007, Buckler et al., 2009). Another locus significantly 
affecting flowering time was confirmed, namely the zfl2 locus. Marker saturation 
of RILs also resolved the QTL  for a maize flowering mutant id1, which is a 
homologue of the photoperiod gene Ppd-H1 in barley (Turner et al., 2005), as 
well as a QTL to a region on chromosome 1 where the bif2 gene is sited, involved 
in auxin transport (McSteen et al., 2007) and flowering time (Pressoir et al., 
2009, Buckler et al., 2009). All these candidate gene could be reliably related to 
maize QTLs with the use of the maize NAM population.  
1.13.2.1 The Barley NAM HEB-25 population 
Maurer et al., (2015) developed the first barley NAM population, which they 
termed “Halle Exotic Barley 25” (HEB-25). It is the largest RIL population 
created to date for barley, and comprises 1,420 lines, sub-divided into 25 
families, each of which generated by a cross of the spring cultivar barley Barke 
with one of the different 25 wild barley (H. spontaneum) accessions (Figure. 5). 
24 of these exotic donors are wild barley accessions from H. vulgare ssp. 
spontaneum (Hsp), the progenitor of domesticated barley, and the remaining one 
is Tibetian H. vulgare ssp. agriocrithon (Hag) accession. Barke was selected as 
elite parent since it was already used for the generation of a barley high-
resolution mapping population and for mutation screening (Maurer et al., 2015). 
Out of the 25 exotic donors, 24 are wild barley accessions from H. vulgare ssp. 
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spontaneum (Hsp), the progenitor of domesticated barley, and the remaining one 
is Tibetian H. vulgare ssp. agriocrithon (Hag) accession.  In fact, they were 
selected to represent a significant part of the genetic diversity of barley, since 
they derive from different geographical locations distant from each other, 
including the Fertile Crescent from Israel and Jordan to south Turkey, Iraqi 
Kurdistan, and southwestern Iran (Harlan and Zohary, 1966, Nevo, 1992), as 
well as Afghanistan & the Himalayan region (Badr et al., 2000).  
The F1 generation was backcrossed with Barke to reduce the exotic genome 
present in the lines to 25%. The resulting BC1 generation was self-crossed three 
times to increase homozygosity for Barke and H. Spontaneum genotypes to 72% 
and 22% respectively (Figure 6). Subsequently, each line was maintained by 
bulk growth. Thus, each individual NAM line consists of a mosaic of 
chromosome segments, which derive from one of the 25 different founders or 
from the common elite parent (Maurer et al., 2015). 
 
Figure 6. Development of the nested association mapping population HEB-25. 
HEB-25 is made of 25 families with 1,420 NAM lines in BC1S3. Per NAM line, one 
chromosome pair is illustrated as a double bar. Black and coloured bars represent 
chromosome segments originating from Barke and the exotic donor accessions, 
respectively. At each SNP locus, HEB-25 is expected to segregate into 72% homozygous 
Barke, 6% heterozygous and 22% homozygous donor genotypes (Maurer et al., 2015). 
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Maurer et al. (2015) recently used the HEB-25 population to investigate the 
genetic architecture of flowering time in barley.  HEB-25 was grown in field trials 
from 2011 to 2013 and phenotyped, for flowering time and yield traits. These 
data were then combined with high-density SNP marker information through 
genome-wide association studies; the parental segments’ inheritance across the 
genomes of the 1,420 HEB lines was characterized through Illumina iSelect 9K 
genotyping platform, that allowed to identify 5,709 informative, single genic 
nucleotide polymorphism (SNP) markers (Comadran et al., 2012, Maurer et al., 
2015), allowing to map with high rate and accuracy the HEB-25 population 
(SNP-based platforms are discussed in section 1.8 of this chapter). These high-
throughput SNP data also revealed that the degree of genetic similarity between 
the elite parent Barke and the 25 different wild donors was low, from 40 to 45% 
(Maurer et al., 2015). Summarising, from GWA studies, Maurer’s group 
demonstrated that there is wide variation in flowering time among the lines, 
covering circa 50 days among the 1,420 HEB lines and showed that flowering 
time principally depends on eight large-effect QTLs and epistatic interactions 
among them (Maurer et al., 2015).  
1.14 Objectives of the study 
The principal aim of this study was using the identified wild QTLs alleles to 
extent the biodiversity of cultivar barley and developing new barley cultivars 
with enhanced environmental robustness for breading purposes. This is 
particularly relevant due to the increasing incidences of drought and other biotic 
and abiotic stress conditions, caused by climate change, which threaten future 
agronomic productivity. To achieve this, we followed two different strategies by 
using the HEB-25 lines, the first involving Genome-wide Association Scanning 
(GWAS) analysis of yield traits in the whole HEB-25 population, the second the 
development of pericentromeric substitution lines (PCSLs) from a carefully 
selected subgroup of the HEB-25 lines.  
1.14.1 GWAS analysis 
The GW study involved the simultaneous genotyping and phenotyping of the 
HEB-25 population. Therefore, these lines were subjected to exome capture and 
subsequent next generation sequencing (NGS) analysis, to deeply sequence the 
26 HEB parents (20 x exome coverage depth), and identify the great majority of 
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exon SNP variation within the HEB-25 lines. We aimed to obtain at least 
500.000 gene tagged SNPs to determine recombination breakpoints in the HEB 
population and, therefore, massively extend the present DNA marker density of 
HEB-25. We recently completed all the sequencing and the SNP calling, aiming 
to identify the exact localization of all the breakpoints by the end of the year. At 
the same time, we also wanted to investigate yield and yield-related component 
traits in the HEB-25 lines under different fertilizer and eco-geographical 
environments. Therefore, field trials of the HEB-25 population were conducted 
in Scotland and Germany, under different nitrogen levels and the phenotypes of 
yield related traits were scored. Subsequently association analysis between 
these traits and the corresponding genotypes was performed, and our analysis 
revealed 14 QTL hotspots distributed across the seven barley chromosomes and 
corresponding family-specific exotic allele effects, both positive and negative, for 
several yield component traits. 
1.14.2 Generation of PCSLs 
Since the PCH regions are an important contributor to the narrow gene diversity 
in cultivated barley, we developed the hypothesis that their substitution with 
wild segments that are rich in gene diversity could dramatically increase the 
biodiversity of this crop and facilitate accessibility of favourable alleles in 
breeding strategies. Therefore, first we harvested sub-lines from the HEB-25 
population, containing wild-derived segments covering the PCH with minimal 
contaminating exotic genetic material in the euchromatic arms. Then we 
subjected them to a cleaning-up method involving one round of backcross and 
two rounds of self-crosses, to decrease as much as possible the noise of wild 
alleles along the euchromatic arms of barley chromosomes; in this way we 
wanted to unmask the positive effects that beneficial genes sited in the PCH 
regions may carry for flowering time and yield improvement, and that in the 
whole HEB-25 population couldn’t be observed due to still the presence of 
epistatic effects and beneficial alleles’ masking since  wild genome linkage drag. 
We wanted to test the agronomic performance of the generated progenies in field 
trial and collect phenotypic trait data of flowering time, plant height and yield-
related traits. Subsequently, the phenotypes of the PCH substitution lines were 
compared with those of the elite cultivars and the HEB progeny lines that lost 
the PCH substitution through the cleaning up step. Finally, based on the 
significant phenotypic differences observed in the PCH lines carrying wild 
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substitutions in 2H and 3H,  in we suggested which candidate genes may be 




2. Materials and Methods 
2.1 Materials and Methods of the PCH substitution 
lines strategy 
2.1.1 NAM population 
NAM population “Halle Exotic Barley” 25 (HEB-25) was created by our 
collaborators in the Barley-NAM ERA-CAPS project prior to the commencement 
of this PhD. Development started in 2007 with crosses between the spring barley 
cultivar Barke (Hordeum vulgare ssp. vulgare) and 25 different wild barley 
accessions used as pollen donors. 24 accessions are from Afghanistan, Iran, 
Iraq, Israel, Lebanon, Turkey, and Syria (Hordeum vulgare ssp. spontaneum), 
and they were chosen so that maximising the genetic diversity in HEB-25. The 
remaining exotic accession, HID380, originates from Tibet, China, and was 
classified as Hordeum vulgare ssp. agriocrithon (Åberg). The F1 generations 
from the initial crosses were then backcrossed with the elite parent Barke. The 
resulting 20 BC1 plants per cross were selfed three times. The BC1S3 so 
obtained comprises 1,420 individual lines organised in 25 HEB families with 22 
to 75 individual lines per family (Maurer et al., 2015). 
2.1.2 Plant material  
In the first attempt of backcrossing, a subset of 64 HEB-25 introgression lines 
was selected from the current collection of 1371 HEB-25 lines for PCH 
substitution lines’ development (Table 1). These HEB lines were provided, 
together with their elite parent Barke, by the Martin-Luther-University Halle 
(Halle, Germany). The 64 lines were subsequently reduced to 27, in the second 













Table 1. List of the 64 and 27 subsets of HEB-25 backcross (BC) lines 
60 BC lines 27 BC lines 60 BC lines 27 BC lines 
HEB_01_097   HEB_14_060 HEB-14-060 
HEB_01_133   HEB_14_097   
HEB_02_017 HEB-02-017 HEB_14_121 HEB-14-121 
HEB_02_067 HEB-02-067 HEB_14_145 HEB-14-145 
HEB_02_138   HEB_15_040 HEB-15-040 
HEB_02_160   HEB_15_041   
HEB_03_018 HEB-03-018 HEB_15_052 HEB-15-052 
HEB_03_025   HEB_15_082   
HEB_04_006   HEB_16_052   
HEB_04_122   HEB_16_064 HEB-16-064 
HEB_05_157 HEB-05-157 HEB_16_117   
HEB_05_158   HEB_16_144 HEB-16-144 
HEB_06_138 HEB-06-138 HEB_17_041 HEB-17-041 
HEB_06_180   HEB_17_111   
HEB_07_130   HEB_18_046   
HEB_07_140   HEB_18_050   
HEB_08_074 HEB-08-074 HEB_19_002   
HEB_08_131   HEB_19_049 HEB-19-049 
HEB_08_166   HEB_19_058 HEB-19-058 
HEB_09_140   HEB_20_053 HEB-20-053 
HEB_09_167 HEB-09-167 HEB_20_098   
HEB_10_059   HEB_21_184   
HEB_10_107 HEB-10-107 HEB_22_031 HEB-22-031 
HEB_10_155   HEB_22_122   
HEB_10_174   HEB_23_069   
HEB_11_028 HEB-11-028 HEB_23_083   
HEB_11_037   HEB_23_116 HEB-23-116 
HEB_11_119   HEB_23_132   
HEB_12_038 HEB-12-038 HEB_23_159   
HEB_13_065   HEB_24_064 HEB-24-064 
HEB_13_111 HEB-13-111 HEB_24_201 HEB-24-201 









2.1.3 Strategy to generate pure peri-centromere 
substitution lines (PCSLs)  
To generate pure PCSLs we set a strategy of cleaning-up of the HEB-lines 
genomes by removing as much as possible of the wild donor contributions, 
ideally leaving only PC genomic region(s) derived from the wild parental line. In 
the cases where the parental HEB line carried more than one PC region from 
different chromosomes I also wanted to segregate all possible combinations of 
PC regions into sub-lines. The strategy involved a backcross with their elite 
parent Barke, followed by two round of self-crosses.  
2.1.3.1 Backcross methodology 
The HEB-lines were cultivated in AO glasshouse at the James Hutton Institute 
in 5x5 cm pots under 18/15°C day/night temperature conditions, with light off 
threshold of 200 Wm-2. For each line there were 12 seeds representing the 
variation in heterozygosity between individuals in the line. The HEB-25 lines 
(female plants) were backcrossed with their elite parent Barke (male plant). The 
cross methodology included two principal steps; first, the female plants were 
emasculated (Figure 7). A female spike is properly emasculated when all the 
spikelets lack anthers. After anthers’ removal, emasculated spikes were covered 
by a transparent plastic bag and labelled. Second, after 2/3 days emasculated 
spikes were ready to be pollinated. Pollination’s method was the twirl method, 
described as following: firstly the emasculated spike was placed into a tube 
(Figure 8C). Then the spike containing pollen was cut off from the male plant, 
inserted through the tube and twirled to shed pollen over female spike (Figure 
8B). The spikes chosen for pollination contained yellow anthers (as opposed to 
the green ones in female plant spikes), meaning they held pollen inside. 
Spikelets were clipped above the anthers (Figure 7B). When they showed 
enlarged anthers that came out the spikelets (Figure 8A and B), male spikes 
were ready to pollinate. Once pollination was completed, female spikes were 
covered again with a plastic bag to avoid damage and/or outcrossing, and then 





     
 
 












Figure 8. Pollination of emasculated HEB female plants with Barke male spikes holding 
anthers full of pollen by using the twirl method.  
For the 64 HEB-25 lines a single male spike was used to fertilize the female 
spikes during backcrossing, whereas for the subsequent 30 lines 2-3 male 
spikes were used, together with the transfer of anthers full of pollen from male 





A. Male spike (Barke) with 
anthers full of pollen 
emerging from the cut 
spikelets 
B. The male spike with 
dehiscing anthers is ready to 
be inserted through the top 
of the tube and twirled to 
shed pollen over the female 
spike (HEB-plant) 
C. The emasculated female 
spike is covered by a tube to be 
fertilised with the male spike 
holding pollen 
A. The ear of female plant was 
exposed by unrolling the leaf 
sheath 
B. Individual spikelets were 
clipped just above the anthers 
C. Removal of anthers. They 
must be green in the female 












Figure 9. Alternative method to cross barley; the anthers full of pollen of the male spike 
are manually transferred into the spikelets of the emasculated female spikes. 
2.1.3.2 Self-crossing of back cross progenies 
The progenies from confirmed backcrosses were sowed between March and May 
2015 for the first round of self-crossing. For each HEB-line 96 seeds were sowed 
and organised in 96-cell seed trays under glasshouse environment (AO 
glasshouse at the James Hutton institute). The trays measured 1.15" x 1.59" x 
2.25" deep, and ~10.5" wide x 21" long. At maturity time, seeds from F1 were 
harvested and sowed again between April and May 2016, for the second round 
of self-crossing. From each HEB-line, ~70 seeds were sowed in 6" x 6.5" pots, 
and distributed in three different glasshouses, AO, AG and AP. In total, 1521 
BC2S2 plants were harvested once mature.  
2.1.4 DNA quantification 
NAM progeny lines were grown in the greenhouse at the James Hutton Institute 
and one young leaf tissue was harvested from each plant. Leaf samples were 
organised in four 96-well plates and DNAs were isolated using Qiagen DNeasy 
96 Plant kit. Qiagen DNA samples were eluted with TE, with a final 200µl of 
DNA. DNA concentration was determined by PicoGreen fluorescence analysis 
(Thermo Fisher Scientific). A standard curve was created, first, to calibrate the 
fluorometer, then DNA bound to PicoGreen reagent eluted in TE were organised 
in new 96-well plates to be analysed by Ascent Software (Thermo Fisher 
Scientific). To reach the required concentration for KASP analysis, all samples 
with a concentration below 20ng/ml were concentrated by 96 DNA clean-up kit 
(Zymo Research), which increased the concentration of DNA by five-fold. 
 
 
A. The anthers of the male spike 
(Barke) are removed with a 
forceps 
B. The anthers are full of pollen to 
fertilize the female spike (HEB-lines) 
C. The anthers are then 
placed into each spikelet of 
the female spike  
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2.1.5 KASP marker genotyping to confirm the 
backcross progeny 
The DNA of the 380 HEB plants organised in 96-well plates were sent to 
TraitGenetics Company, in Germany, for KASP markers’ analysis to confirm the 
progenies were from backcrosses and not self-crosses. Seven SNP sequences 
were selected as candidate KASP markers, from the list of iSelect illumina 
markers used to genotype the HEB-25 lines (Table 2). These seven SNPs map 
the wild segments covering the PCH region in every chromosome of the HEB-25 
genome and they are informative at the same time for the highest number of 
HEB lines (which are derived from 25 diverse wild lines that are highly variable 
for SNP polymorphism). 
Table 2. iSelect illumina SNPs selected for KASP marker assay 
 KASP marker's name Chromosome Position(cM) 
1 BOPA2_12_10506 1H 47.9 
2 SCRI_RS_100054 2H 57 
3 SCRI_RS_238625 3H 51.2 
4 SCRI_RS_148289 4H 51 
5 SCRI_RS_218181 5H 44 
6 BOPA1_ABC13045_1_1_226 6H 54.9 
7 BOPA2_12_30565 7H 75.2 
 
Every KASP marker is mapping to the heterochromatic region each in one different 
chromosome. If the HEB-lines result heterozygous for the wild segment from marker 




2.1.6 Leaf tissue collection of the BC2S2 progenies for 
KASP genotyping 
Three disk samples from a leaf of each of the 1521 HEB BC2S2 were collected 
(Figure 10) and placed into 96-well plates. 17 plates containing HEB leaf tissue 









Figure 10. Leaf tissue collection of HEB-25 BC2S2 plants for KASP genotyping 
2.1.7 iSELECT SNPs sequence’ selection for KASP 
marker design 
At the same time, 96 iSelect illumina SNP sequences (Table 3) were selected 
and sent to the LGC Genomic Company for KASP marker design, to check how 
many wild segments were removed after the cleaning-up step of backcross and 
self-crosses, and if the PCH regions of interest were still present or not. Every 
selected SNP maps a wild segment in the genome of the BC2S2, and it is 
informative simultaneously for the highest possible number of HEB lines. 96 
was the number chosen to enable mapping of all the wild regions in all the donor 
HEB genomes through all the seven chromosomes. Every chromosome is 
mapped with circa 15 SNPs (varying in base of the length of the chromosome 
and the number of exotic segments in each line), among which one to two of 
them are mapping the PCH region.   
Table 3. List of the 96 iSelect illumina SNPs used for KASP marker analysis of BC2S2 
progenies  
 
A. A leaf from each BC2S2 is collected and 
placed on a smooth surface 
B. Discoid pieces are 
removed from the leaf 
with a rounded 
syringe 
C. Once removed, each discoid is shot 
into a well of the 96-well pcr plate. Each 












2.1.8 Field trial of BC2S2 HEB progeny lines 
The 174 HEB-25 progeny lines were sowed in April 2017 at the Berry Hill site 
in Scotland to gather phenotypic data on heading date, height, maturity, and 
yield-related traits. The field trial included 65 selected BC2S2 progenies, 
together with further 111 BC2S5 progenies used as controls, plus the original 
parental HEB-25 lines (BC1S3) and cv Barke (Table 4). Sowing occurred in two 
row plots, with a length of 1.5 m and a distance of 0.20 m between rows. The 
field trial design involves 20 rows by 12 columns (Table 4). The 65 BC2S2 HEB 
progenies were sown each close to its control lines, so that it was possible to 
compare easily relevant phenotypic differences among them. The field trial was 
subjected to normal levels of fertilization and pest management (Lupwayi et al., 
2012). 
Table 4. Field trial design for HEB BC2S2 trialling. 
 
The trial consists of 12 columns and 20 rows. The 174 BC2S2 HEB progenies 
selected are coloured blue (65 HEB-progenies) or white (HEB control lines) 
Barke controls (gray) and parental HEB-25 lines (green) are also included. 
2.1.9 Phenotypic scoring  
The phenotypic traits scored were the following: the history related traits 
heading date and height, and the yield-related traits. The heading date was 
scored recording the date of the first ears per plot, whereas the height was 
scored using a ruler to measure height from the bottom to the collar and from 
the bottom to the end of the ear, excluding awns. The difference from the two 
height measurements gave the ear length. At the end of August, 17 ears from 
each plot of the field trial were harvested. Each of the 17 spike collected from 
each plot in the field was from a different plant to cover all the possible allelic 
diversity within the progenies generated by a same progenitor. Five of these 17 
ears were used for yield-related trait analysis in this project. Of the remaining 
12, 6 were kept by the James Hutton Institute, and the other 6 were sent to 
Halle, for future trials and analysis.   
2.1.10 Association analyses 
Genstat version 18th was used to generate the analysis of variance (ANOVA) and 
the summary statistics of the phenotypic data (Payne 2009). The data for plant 
control-II_05-157 HEB-05-157 Barke HEB-05-157_5H/7HHEB-05-157_5H control-V_05-157 Barke Barke control-I_05-157 HEB-05-157_7H control-VI_05-157 control-III_05-157
HEB-06-138 HEB-06-138_2H/7H HEB-06-138_2H HEB-19-049_3H control-I_19-049 control-II_19-049 control-III_06-138 control-I_06-138 HEB-19-049_2H/3HHEB-19-049_2H control-II_06-138 HEB-06-138_7H
control-VII_09-167 control-I_09-167 control-IV_09-167 control-II_09-167 Barke control-VI_09-167 control-III_09-167 control-V_09-167 HEB-09-167_7H_1 HEB-09-167_7H_3 HEB-09-167 HEB-09-167_7H_2
HEB-10-107_6H HEB-10-107_5H/6H control-III_10-107 Barke Barke control-VI_10-107 control-V_10-107 HEB-10-107_5H control-I_10-107 control-II_10-107 control-IV_10-107 HEB-10-107
control-II_11-028 control-I_11-028 Barke HEB-11-028 Barke Barke control-V_11-028 HEB-11-028_2H/5Hcontrol-III_11-028 HEB-11-028_2H_2 HEB-11-028_2H_1 control-IV_11-028
control-II_12-038 control-III_12-038 Barke control-I_12-038 HEB-12-038_1H/4HHEB-12-038_4H HEB-12-038_1H Barke control-IV_12-038 HEB-12-038 Barke control-V_12-038
Barke HEB-13-111 control-V_13-111 control-I_13-111 HEB-13-111_3H control-II_13-111 HEB-13-111_3H/6Hcontrol-III_13-111 control-IV_13-111 Barke Barke HEB-13-111_6H
HEB-13-124_4H control-III_13-124 control-I_13-124 control-V_13-124 HEB-13-124 HEB-13-124_7H control-IV_13-124 control-II_13-124 HEB-13-124_4H/7HBarke Barke control-VI_13-124
HEB-14-060_3H/4Hcontrol-IV_14-060 Barke control-II_14-060 HEB-14-060_4H HEB-14-060_3H control-III_14-060 Barke control-I_14-060 Barke HEB-14-060 control-V_14-060
HEB-15-040 coltrol-VI_15-040 HEB-15-040_4H_1 HEB-15-040_4H_2 Barke coltrol-III_15-040 coltrol-II_15-040 coltrol-IV_15-040 coltrol-I_15-040 Barke HEB-15-040_4H_3 coltrol-V_15-040
Barke HEB-15-052 control-III_15-052 Barke control-IV_15-052 Barke control-II_15-052 HEB-15-052_2H/6Hcontrol-V_15-052 HEB-15-052_2H Barke control-I_15-052
control-IV_02-017 Barke HEB-02-017_7H_2 control-III_02-017 HEB-02-017_7H_3 control-V_02-017 control-II_02-017 HEB-02-017_7H_1 control-VI_02-017 HEB-02-017 Barke control-I_02-017
control-III_16-064 Barke Barke HEB-16-064_1H HEB-16-064 control-I_16-064 control-IV_16-064 control-V_16-064 HEB-16-064_6H control-II_16-064 HEB-16-064_1H/6Hcontrol-VI_16-064
control-III_24-064 HEB-24-064_4H_2 control-II_24-064 control-III_16-144 HEB-16-144_4H control-II_16-144 HEB-24-064_4H_3 HEB-16-144_4H/7Hcontrol-I_24-064 control-I_16-144 HEB-24-064_4H_1 HEB-16-144_7H
HEB-17-041_5H control-V_17-041 HEB-17-041_3H/5H HEB-17-041 Barke control-III_17-041 control-II_17-041 control-I_17-041 control-VI_17-041 control-IV_17-041 HEB-17-041_3H HEB-16-144
HEB-19-049 control-II_02-067 HEB-02-067_6H control-I_02-067 Barke HEB-24-064 HEB-02-067_2H/6HHEB-02-067_2H HEB-02-067 control-IV_02-067 Barke control-III_02-067
HEB-19-058 HEB-19-058_3H control-IV_19-058 control-III_19-058 control-II_19-058 control-V_19-058 Barke HEB-19-058_7H control-I_19-058 Barke Barke HEB-19-058_3H/7H
control-VI_20-053 control-III_20-053 control-V_20-053 Barke control-IV_20-053 HEB-20-053_2H/4H HEB-20-053_4H control-II_20-053 Barke control-I_20-053 HEB-20-053 HEB-20-053_2H
HEB-23-116_2H control-II_23-116 Barke HEB-23-116 control-I_23-116 Barke control-IV_23-116 Barke Barke HEB-23-116_4H control-III_23-116 HEB-23-116_2H/4H
control-I_24-201 HEB-24-201_6H_1 control-III_24-201 Barke HEB-24-201_6H_2 control-VI_24-201 HEB-24-201_6H_3 control-II_24-201 Barke control-IV_24-201 HEB-24-201 control-V_24-201
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height, heading date and yield-related traits were then analysed on excel by a 
two-tailed t-test function to know if there was any significant trait difference 
between the progenies still carrying the wild PCH substitution, and those that 
lost it.  
2.2 Materials and Methods of the GWAS study 
2.2.1 NAM population 
NAM population “Halle Exotic Barley” 25 (HEB-25) experimental design has 
been already discussed in section 2.1.2 of this chapter and in Maurer et al., 
2015. 
2.2.2 DNA isolation and quantification 
Young leaf tissue was collected from at least 8 plants from each HEB-25 line  
sown in the field plots. Leaf Samples were firstly collected into labelled plastic 
bags (Figure 1), which were immediately placed on ice to avoid sample 
deterioration. Labels showed sample name, sowing position in the field and 
sample position in the 96 well DNA plate, to avoid sample mix-ups. ca 50 mg of 
leaf tissue (5mg/plant) was transferred into each of 96 wells, together with a 3 
mm-tungsten ball (see protocol on DNeasy® Plant handbook, 2012) and 
assembled plates were -80˚ for DNA extraction. Subsequently DNAs were 
isolated using Qiagen DNeasy 96 Plant kit (one well per line). Qiagen DNA 
samples were eluted with  200µl TE, DNA concentration was determined by 
PicoGreen fluorescence analysis (Thermo Fisher Scientific). A standard curve 
was created, first, to calibrate the fluorometer, then DNAs bound to PicoGreen 
reagent were organised in new 96-well plates to be analysed by Ascent Software 
(Thermo Fisher Scientific). The DNA was then concentrated using 96 DNA clean-
up kit (Zymo Research), which increased by ~five-fold the concentration of DNA 
for subsequent DNA library preparation.  
2.2.3 Genotyping of NAM lines 
1371 HEB-25 lines were genotyped by our collaborators at the University of 
Halle, using the Illumina iSelect 9K chip containing 7864 SNPs. A final set of 
5709 informative SNPs were used in this study after filtering for minor allele 
frequency (<10%), heterozygosity (<12.5%) and ambiguity. 1,027 SNPs were 
monomorphic and 1,125 SNPs showed no call in >10% of the HEB-25 lines (see 
Maurer et al. 2015). For SNP effects, NAM genotypes were coded using Barke as 
reference allele, where Barke alleles were 0, heterozygous alleles 1, and exotic 
alleles 2 score. The genotype matrix was generated using identity-by-state (IBS) 




2.2.4 Exome capture sequencing 
The first step for exome capture sequencing was to generate an Illumina DNA 
sequencing library of from each sample in the HEB-25 population. The first 
protocol used commercially available components and the protocol of Rohland 
and Reich (Rohland and Reich, 2012) to generate the capture library. The 
approach combined included the following steps:  
1) DNA fragmentation using the Covaris focussed ultrasonic method;  
2) Selection of 100-400bp fragments using SPRI beads;  
3) Polish ends with addition of phosphate (P) using the NEB Quick Blunting kit;  
4) Ligation of P5-adapter and P7 adapter using the NEB Quick ligation kit (50µl);  
5) Filling the gaps (Nick Fill-in);  
6) Amplification/Indexing PCR (barcode addition);  
7) Library quantification using Pico-green assay (Thermo Fisher Scientific);  
8) Size profiling on agarose gel.  
More details of these steps are shown in Table 5. 
Table 5. Summary of the Rohland and Reich Illumina DNA library protocol. 
 
Fragment DNA Covaris shear in Micro Tube Screw Cap (50µl)
Polish ends
NEB Quick Blunting kit (+ 5µl 5X concentrate to mix; 12oC/20min, 
37oC/15min )
Clean-up
Add PEG buffer* (50µl); wash beads w EtOH then elute w 25µl 
0.1xTE
Adaptor ligation
NEB Quick ligation kit (50µl);  (+ 25µl 2X concentrate to mix + 1.2µl 
ligase; 20oC/25min)
Clean-up
Add PEG buffer* (100µl); wash beads w EtOH then elute w 15µl 
0.1xTE
Nick Fill-in NEB Bst DNA pol (+ 15µl 2X concentrate to mix; 37oC 15min)
Clean-up
Add PEG buffer* (100µl); wash beads w EtOH then elute w 12.5µl 




The second protocol (not carried out by me) was based on the KAPA library 
preparation kit (Roche). The main difference compared with the previous 
protocol (Table 5) is in the size selection step; in the old protocol it is at the 
beginning of the experiment, whereas in the KAPA method it is in the end just 
before the PCR amplification step.  
Once the DNA libraries from all the 1371 HEB lines were prepared they were 
pooled in groups of 16 lines per pool (one line per pool for the parental HID wild 
lines) and sent to the University of Liverpool for exome capture sequencing. The 
experimental procedure was that used by Mascher et al. (2013):  
1) Probe design – The input sequences to the capture array design were 300 
919, a total of 101.8 Mb (The International Barley Genome Sequencing 
Consortium, 2012). The length of the probes generated varied from 50- to 100-
mers at a 5-bp step across the whole sequence space, after the removal of probes 
long only 15-mer with frequency >200, using a 15-mer frequency table 
generated from the Morex genome assembly. Probe sequences with >25 matches 
in the target set were eliminated as well. The final probe set held 2 040 943 
unique probes and were used to construct a solution-phase capture pool 
(Mascher et al. (2013).  
2) Analysis of exome sequence data – the target regions were mapped against 
the Whole Genome Sequence (WGS) assembly of the cultivar ‘Morex’. 
Sequencing reads were quality-trimmed, grouped by parental Family then 
complete Families together with the cultivar  Barke parent and the wild parental 
line if available, were mapped to the Morex assembly with BWA. SNP calling 
used FreeBayes with several quality settings, from extremely stringent (Q5000), 
through moderate stringency (Q500) to low stringency (Q100). The distribution 
of SNPs was visualised along the integrated genetic and physical map of barley 
using Flapjack (Milne et al., 2010). SNPs that were called as heterozygous in cv 
Barke were excluded from the dataset.  
Size-selection
Add "0.85 vols" x SPRI beads (~42.5µl) then transfer sup to a new 
tube and add a further " 0.15 vols" SPRI beads (~13.9µl more). Wash 
beads w EtOH then elute w 20µl 0.1xTE (stay in same tube)
Amplification/Indexing 
PCR
Add 12.5µl 2X concentrate to mix; 6 cycles (Could check by qPCR??)
Clean-up 2 x SPRI beads (50µl); wash beads w EtOH then elute w 20µl 0.1xTE
Quantify library Pico-green
Size profiling 2% agarose Gel
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The SNP calls were subjected one imputation to fill in gaps between SNPs as 
much as possible. The imputation was based on LD inside TASSEL software 
using default parameters. Then, the imputed files were transferred into A, B and 
H (A means Barke, B means Wild and H means Heterozygous) and were exported 
out as hap files. The hap files of the SNP sets were analysed for breakpoints 
between Barke and the wild parent by Linda Milne using a custom Perl script 
(Sharma et al, in preparation). The outlook and future plans for exome captured 
analysis are discussed in section 3.2.6, Chapter 3.  
2.2.5 Preparation of HEB-25 seeds for the field trials 
The seeds representing the whole 1371 HEB-25 lines destined for different N 
level treatment were sent from our collaborator, Klaus Pillen (Halle, Germany). 
Each line was represented by roughly 100 seeds held in labelled bags. Seeds of 
cultivars Barke, Scarlett and Concerto were used as controls in the field trials, 
and these were made up by me also. 
Before sowing, the seeds were treated with Raxil ‘Pro’ (6ml/Kg), a fungicide 
containing two active ingredients, prothioconazole and tebuconazole, to 
eliminate low level contamination of the population. For each line 2/3 untreated 
seeds were left in the original bags. Finally, seeds were organized into sowing 
cassettes (Figure 11b) and these latter were assembled into magazines (Figure 
11a) which were labelled to ensure correct sowing by tractor in the field.  The 






Figure 11. Sowing cassette and magazine.  
The first group of seeds destined for low N treatment were organized in 78 
columns, each column containing 20 rows, representing by 39 magazines. 
a) The large rectangle is a magazine. Each magazine 
contains 10 cassettes. . The polarity of the magazine is 
indicated by the two notches: the top of the magazine 
is indicated by a small notch and the bottom of the 
magazine by the large notch. 
b) A cassettes containing treated seeds. Each cassette 
contains two rows (horizontally) and six columns 
(vertically). For our trial each sample was represented 
by one row and double columns, like illustrated. 
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Similarly, 39 other magazines were set up for the second group of seeds for high 
nitrogen level (N1) treatment. 
2.2.6 Field trials  
Field trials of HEB-25 population were in two geographical diverse locations 
(Dundee, UK (JHI) (56°28'53.71"N; 3° 6'35.17"W) and Halle, Germany 
(51°29´46.47”N; 11°59´41.81”E)). At both locations two nitrogen (N) fertilization 
treatments were applied. For N0 (low N) there was 40 kg ha–1 and 30 kg ha–1 
residual nitrogen available at Halle and 30 kg ha–1 and 60 kg ha–1 at Dundee in 
2014 and 2015, respectively. N0 treatment received no additional fertilization. 
For N1 (high N) 100 kg N ha–1 was set as the optimum N level and additional N 
fertilizer was added to achieve this level. N1 treatment received extra N (calcium 
ammonium nitrate) applied as a 22:4:14 NPK compound mineral fertilizer at 
sowing (JHI) or at the shooting stage (Halle). A total of 60 kg ha–1 of N was applied 
at both sites in 2014 and for the 2015 sowing the additional N at Dundee was 
unchanged but the Halle rate was increased to 70 kg ha–1. In Halle each 
treatment had a randomised complete block design: 1420 plots of two rows of 
length 1.40 meter, spacing of 0.20 meter between rows and 0.50 meter between 
plots. The plots in Dundee were 1371 and it was used a modified augmented 
design. Trialling was set at both sites for two growing seasons (2014 and 2015) 
under two N treatments. Three cultivars (Scarlett, Concerto and Morex) were 
planted as controls together with the elite parent Barke (Sharma et al., 2018). 
2.2.7 Phenotyping of Yield traits for NAM lines 
Yield-related traits (Grain length (GL), Grain width (GW), Grain area (GA = GW 
x GL), Grain roundness (GR = GW/GL), Thousand Grain Weight (TGW), Grains 
per ear (GPE) and Grain Yield (GY)) were scored both in Dundee and Halle 
locations, using the same methodologies. These traits were measured using 
weighing balancer and seed scanner MARVIN (GTA; Sensorik). The grain 
stability traits standard error of Grain length (SE_GL) and standard error of 
Grain width (SE_GW), were also measured by MARVIN analysis. Years, 
treatment and locations are also shown in Figure 12. All the raw data of the 
traits are stored in the public data repositories e!DAL (https://edal.ipk-
gatersleben.de/) at Herzig et al. (2017) (Sharma et al., 2018). 
2.2.8 Phenotypic data analysis 
Genstat version 18th was used to generate the analysis of variance (ANOVA) and 
the summary statistics of the phenotypic data (Payne 2009). Broad sense 
heritability (h2) values were calculated using the vherit function on entry-mean 





Figure 12: Correlation 
matrix of the yield 
traits across location 
and treatments (from 
Sharma et al., 2018). 
 
 
2.2.9 Genome-wide association analysis 
Model A (Liu et al. 2011; Würschum et al. 2012) was used to perform GWAS on 
yield traits, as described by Maurer et al. 2016, as well as family-wise effects. 
Model A involves the following formula: 𝑌 = 𝑙𝜇 + 𝑋𝑞 𝑏𝑞 + ∑ 𝑋𝑐𝑐≠𝑞 𝑏𝑐 + 𝜀, with Y 
being a N × 1 column vector of the BLUE values of phenotypic data of N testcross 
progenies coming from P populations; l is a N × 1 column vector containing 
constant 1; μ is the intercept; Xq(Xc) is a N × 1 column vector containing those 
marker-types (delegated by 0-1-2) of each individual at marker q (cofactor c); bq 
(bc) is the expected substitution effect of marker q (cofactor c); and ε is the vector 
of the residuals of the model (Liu et al., 2011). Cofactors are used in Model A to 
control false positives, and SNP effects are comprised as main effects by 
quantitative Identity-By-State (IBS) genotype matrix scores [Model A, Y = µ + 
∑SNPIBS + Ɛ]. Proc GLMSELECT in SAS software (SAS Institute Inc.,Cary, NC, 
USA) was used to select cofactors that minimize the Schwarz Bayesian Criterion 
(Schwarz 1978). SNPs’ significances were measured using stepwise forward-
backward regression. The Schwarz Bayesian Information Criterion (BIC) belongs 
to the so-called penalised maximum –likelihood methods (Bogdan et al., 2004) 
and follows the expression: S =log  𝐿(𝑌𝐼𝜃) −  
1
2
 𝑘 log 𝑛, where θ is the vector of the 
model parameters,  𝐿(𝑌𝐼𝜃) is he likelihood of the data, k the number of 
parameters (dimension of θ) and n the sample size (Bogdan et al., 2004). It is 
used for model selection among a finite set of models and generally the model 
with the lowest BIC is preferred. At each step SNPs could enter or leave until 
further reduction of Schwarz Bayesian Criterion was not obtained (Schwarz 
1978). The Bonferroni–Holm method (<0.05) was used to determine the 
threshold of significances to control false positive since multiple testing (Holm 
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1979). In GWAS a conservative threshold value of (-log10P = 5) was adopted to 
give consistency in the values to compare across traits. The proportion of 
phenotypic variance explained by a SNP was given by the calculation of R2 after 
modelling SNP in a linear model. Linkage disequilibrium (LD) was calculated 
with Haploview 4.2., to know the  extents of QTL intervals in all the barley 
chromosomes (Sharma et al., 2017). 
2.2.10 Cross-validation 
Cross-validation is also discussed in Sharma et al. (2018). GWAS results were 
subjected to a cross-validation approach to increase the power, with a method 
already described in (Liu et al. 2011, Maurer et al. 2016). Cross validation is a 
resampling procedure generally used to estimate how much accurate a 
predictive model will be in practice. First a single parameter n is set, and it refers 
to the number of groups a given data samples will be split into. Therefore the 
method is also called n-fold cross validation. For each trait, five-fold cross-
validation (CV) was run twenty times over treatment [DUNDEE: N0 (across 2014 
and 2015) and N1 (across 2014 and 2015); HALLE: N0 (across 2014 and 2015) 
and N1 (across 2014 and 2015)] and over year. From the total dataset 100 
subsets were randomly sampled, and within each subset 80 HEB lines were 
randomly chosen to be a training set. The significant SNPs were utilised to know 
the phenotypic values of 20 remaining lines used as a test set. Between 
predicted and observed phenotypes in the test set it was estimated the squared 
Pearson product-moment correlation (R2-value) (cross-validated proportion of 
explained genotypic variance). Then, the cross-validation (CV) was measured as 
the times’ number a SNP had significance across the 100 subsets (Sharma et 
al., 2018). 
2.2.11 Family-specific donor allele QTL effects 
Family-specific donor allele QTL effects are discussed also in Sharma et al. 
(2018), and it means that some wild alleles’ effects observed have been observed 
only in specific HEB-25 families.  The exotic allele QTL effects among the 25 
NAM families were obtained using the cumulated significant effects method 
already described in Maurer et al. 2016. First, the peak marker, significant 
across all the CV runs, was identified. Wild introgressions are on average 26 cM 
in the HEB-25 population, therefore every peak marker was placed at the center 
of a 26 cM interval. For every the HEB-25 wild donors, the SNP effects were 
calculated using the formula ∑ 𝑆𝑁𝑃(𝑑𝑜𝑛𝑜𝑟)𝑖 ∗ 𝛼𝑖
𝑛
𝑖  , where 𝑖 iterates through all 
significant SNPs (n) of the same size interval. 𝑆𝑁𝑃(𝑑𝑜𝑛𝑜𝑟)𝑖  is the donor genotype 
(0 or 2) of the 𝑖th significant SNP and 𝛼𝑖 is the SNP effect, obtained from Model-




3. HEB-25 GWAS Study 
3.1 Results 
3.1.1 Summary 
To exploit wild barley donors as a source of useful alleles to improve yield in 
breeding programs, we used a genome-wide association scan (GWAS) on the 
nested association mapping (NAM) population HEB-25 that contains 25 
different exotic barley genomes, contained within a 70% background from the 
cultivar barley Barke. 1420 HEB-25 lines were sowed for field trials to test nine 
yield-related grain traits for two years in Scotland and Germany, under different 
N-fertilizer application. We focused on yield traits since they are of most interest 
for breeding purposes. 5709 iSELECT Illumina SNP markers have been used to 
map the HEB-25 lines, so we could relate the phenotypic data to them. 96 QTL 
regions were identified and most of them could be co-localised with known major 
genes that control barley flowering time (HvCEN, Ppd-H2, VRN-H1, VRN-H3, and  
HvGI), and spike morphology (VRS1, VRS3, VRS4 and int-C). Also eight QTL 
hotspots, with at least three traits coinciding, were identified, many of them co-
localised with genes controlling grain dimensions in rice. Most of the allelic 
effects depended on the specific geographical location and/or the genotype of 
the exotic parent. Our study confirmed that there are beneficial alleles for yield-
related traits in barley wild germplasms and these candidate alleles can be used 
in future breeding strategies to improve these traits. This work has been 
submitted for publication (Sharma et al., 2018).  
3.1.2 Field trials  
The 1420 HEB-25 lines were sown in the field in two replicate blocks, organised 
in circa 12 000 plots, under two corresponding different N level treatments for 
a phenotyping study involving recording of five life history traits and seven yield 
component traits, as exemplified by the scheme showed in Table 35. Before 
sowing, seeds were treated with fungicide Raxil ‘Pro’ to avoid any possible cereal 
pathogen contamination. Only a few lines (HEB 14-138, HEB 13-038, HEB 11-
126 and HEB 02-123) were lost during seed preparation due to manual 
problems and, at the time of sowing the N0 seed set, a machinery malfunction 
resulted in mixing of further 2-6 samples. No further issues occurred in both 
N0 and N1 seed planting. After three weeks, plants started to grow (Figure 13) 
and after 5 weeks it was possible to start collecting leaf samples from the sown 
lines. Each sample consisted in ten leaves from ten different plants belonging to 
the same line to reveal the average heterozygosity in the sample. The wild type 
spontaneum was slower to grow compared with the HEB-25 lines and the 
cultivars (Figure 14). Also among the HEB-25 population, however, some 
differences in growth are already visible (Figure 15), as well as in shape. This 
because each line originates from a cross between the elite parent Barke with 




Figure 13. The HEB-25 Field trial, taken circa 20 days after sowing. 
 





Figure 15. Different growth and shape among HEB-25 lines taken 5 weeks after 
sowing. 
 








Plants were sown in the field following the scheme illustrated in the table. Plants 
were organized in 78 columns (top image), each one holding 20 rows. 12 
columns are shown magnified below to show the detailed sowing plan. Lines 
highlighted in grey and yellow mean a possible mixture of seeds among columns 
9 and 10 during sowing. CONCERTO, Scarlett and Barke were used as control. 
3.1.3 Phenotypic analysis 
Strong variation was observed for all recorded traits in HEB-25 population. For 
all traits transgressive segregants were observed surpassing the elite parent 
Barke’ s yield component values (Figure 16A). All traits showed coefficient of 
variation (CV) > 8%, except for SE_GW and GW in Halle location (data shown in 
Sharma et al., 2017, Table S2). For all traits was observed also moderate (>0.30) 
to higher heritability values, apart from GL without N treatment in Dundee and 
SE_GW). GL lower heritability was probably caused by threshing difficulty in 
the threshability locus, and therefore grain damage. Overall, the higher values 
of measured traits in HALLE compared to DUNDEE, suggest that exists 
differences in location and environment (Figure 17-25). ANOVA statistics 
analysis confirmed significant (P<0.001) treatment and genotypic effects in all 
locations for all traits (data shown in Sharma et al., 2017, Table S3), as well as 
significant genotype interaction effects. Genotype–by-Treatment effects, on the 
other side, were significant only for few traits, probably because our N- 
treatment effects were causing minor effects. Figure 16B shows correlations 
among the yield-related traits. TGW showed to have strong positive correlation 
with GA and GW, and weaker positive correlation with W_L, GL and YLD 
(Sharma et al., 2018), but strong negative correlation with SE_GW. GA had a 
strong positive correlation with L, W and TGW, negative with W_L. Also GL 
showed a very strong negative correlation with W_L, and, unexpectedly, also 
with GPE. YLD correlated positively with GW, W_L, TGW, GPE, and negatively 
with GL and stability traits. We observed positive correlation across the 
treatments at both locations for all traits (Figure 12, diagonal, see section 2.2.8, 
Chapter 2). Lower correlation were observed at DUNDEE compared to HALLE 
across the N-treatments, and this suggests N-treatment effects on the traits in 
DUNDEE (Sharma et al., 2018). 
There were not significant differences for TGW across the site, treatment and 
year combination (Figure 17). Year 2014 showed higher GA at low N treatment 
level at both locations (Figure 18), due to variation in GL at DUNDEE (Figure 
19) and GW in HALLE (Figure 20). GW and GL were generally higher at HALLE 
than DUNDEE (Figure 19-20). Figure 21 shows that W_L changed across N-
treatments but there were different trends between the two trial sites. GPE was 
lower at DUNDEE than HALLE (Figure 22), and an opposite effect of N 
treatment between the two locations in 2014 was observed. YLD was scored only 
in HALLE and it seemed not affected by N increasing in 2014, but there was a 
yield increase in 2015 (Sharma et al., 2018). YLD was not scored in Dundee in 
the first year trialling (2014) by mistake, whereas in Halle YLD was scored. For 
2015 we therefore continued this situation because a single year trial is of 
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limited value.  The analysis of variance components showed that the genetic 
main effects went from 5% (SE_GW) to 60% (YLD) of the total phenotypic 
variation (Figure 26). Genetic interactions (combination effects of genotype with 
site and genotype with site and year) were relevant for all traits apart from YLD 




Figure 16: Phenotypic distribution of yield traits. Phenotypic distribution of yield 
traits. (a) The box-plots display yield component traits based on averages over sites, 
locations, years, and treatments. The dotted red lines indicate the Barke (recurrent 
parent) trait scores. (b) Pearson’s correlation coefficients between yield component traits 
based on trait means across treatments, sites, and years. Abbreviations of yield 
component traits: thousand grain weight ‘TGW’, grain area ‘GA’, grain length ‘GL’, grain 
width ‘GW’, grain roundness ‘GR’, grains per ear ‘GPE’, ‘YLD’ yield. Green=positive 






Figure 17: Box plot of 
Thousand Grain Weight 
(TGW in grams) (Figure S3, 






Figure 18: Box plot of 
Grain Area (GA in mm2) 







Figure 19: Box plot of 
Grain Length (GL in 
mm) (Figure S5, 






Figure 20: Box plot of 
Grain Width (GW in 
mm) (Figure S6, 






Figure 21: Box plot of 
Grain Roundness 
(Width and Grain 
Length ratio in %) 
(GR) (Figure S7, 






Figure 22: Box plot of 
Grains Per Ear (GPE 
in number) (Figure S8, 







Figure 23: Box plot of 
Yield (only from 
HALLE) (YLD) (Figure 







Figure 24: Box plot of 
standard error of 
grain width (SE_GW). 
For display values are 
multiplied by 10 








Figure 25: Box plot of 
standard error of 
Grain Length (only 
from DUNDEE) 
(SE_GL). For display 
values are multiplied 
by 10 (Figure S11, 




Figure 26: Variance components of the yield traits displayed in percentages 
(Sharma et al., 2018). 
3.1.4 Genome-wide association of yield traits 
GWAS were done separately for all 63 trait-treatment combinations considered 
in our study to explore and identify the genomic loci linked to the trait effects 
described above (data shown in Sharma et al., 2018, Table S1). For all the 
analysed traits Manhattan plots showed high significant associations, and these 
marker-trait associations were distributed across all the seven barley 
chromosomes (Figure 27). Most significant associations for GA, GL, TGW, GW, 
W_L, YLD, GPE, SE_GW and SE_GL were from 4H (14.9 cM), 1H (97.9 cM), 2H 
(55.5 cM), 4H (14.9 cM), 2H (56.2 cM), 2H (23 cM), 4H (3.5 cM), 3H (40.7 cM) 
and 1H (100.1 cM), respectively (Figure 27 and data shown in Sharma et al., 
2017, Table S4) (Sharma et al., 2018). Table 7 summarise the main candidate 




We used an LD-based approach to consolidate into QTL regions the marker-trait 
associations for individual traits (Figure 28-37). Between four (YLD) and 26 
(GW) QTL regions showed significant (-log10P≥5) associations across traits in at 
least three environments (Fig. S5-S11, see Sharma et al., 2018). These initial 
100 robust QTL regions were then confirmed into 14 QTL-hotspots; to be 
confirmed as a “hotspot”, the QTLs regions needed to comprise at least three 
traits. (Figure 38). On chromosome 2H there is the highest density of QTL 
hotspots (five QTL hotspots). QTL hotspot 2_1 shows significance across all 
yield-related traits, apart from YLD. All the other barley chromosomes hold one 
to two QTL hotspots. Interestingly for my research, five hotspots are in proximity 
or within the seven peri-centromeric low-recombining regions (Figure 38 and 
data shown in Sharma et al., 2018, Table S4). Moreover, at least 10 of these 
hotspots map where there are known barley yield-related genes (Figure 38). On 
chromosomes 1H, 2H, 3H and 6H are distributed four QTLs linked to grain 
stability traits, with significance in more than three environments. For standard 
error of GW, five QTL showed significance in more than three environments, 
three of them were from 3H and one each from chromosome 3H and 4H (Sharma 
et al., 2018). 
About Genetic variation explained by SNPs across all traits was generally low (r2 
< 5%). 13% SNPs (127 SNPs from 975 significant SNPs) had r2 values above 5% 
for yield traits. SNPs on 3H showed the highest explained variation for YLD (r2 
up to 31%), followed by GL and W_L genomic region 1H at 100cM (GL,  26%; 
W_L 22%) and GPE genomic region 2H 76.2cM (23%). DUNDEE showed lower 
estimate of genetic variation values than HALLE location. 74%, r2 values above 
5% comes from HALLE. Only 9.78% SNPs showed r2 values above 5% (9 SNPs 
from 92 significant SNPs) for yield stability traits. Interestingly up to 29% r2 




















Figure 27: Genome-wide association scans of yield traits. X-axis displayed 
the genetic postions in cM and the Y-axis displayed the significances in -log10 
(P-values) of the associated SNPs. Dotted red line represents the threshold of -
log10 (P-values)= 5.0. Most likely overlapping candidate genes from the 

















Table 7. Sum of the main candidate genes, the traits with they are associated 









































































































Figure 28: Linkage disequilibrium (LD) 
of HEB-25 population across seven 
barley chromosomes is shown as GOLD 
heatmap color scheme implemented in 
Haploview4.2. Blocks of LD are based on 
Solidspline alogarithm of Haploview4.2. 
Red, Yellow and green showed high and 
dark blue display lower LD regions 







Figure 29: QTL distribution of Thousand Grain Weight (TGW) on seven barley 
chromosomes. X-axis displayed the genetic postions in cM and the Y-axis 
displayed the significances in -log10 (P-values) of the associated SNPs. Filled bars 
are the QTLs and the highlighted (*) QTLs are the robust QTL (present in ≥3 









Figure 30: QTL distribution of Grain Area (GA) on barley chromosomes. X-axis 
displayed the genetic postions in cM and the Y-axis displayed the significances 
in -log10 (P-values) of the associated SNPs. Filled bars are the QTLs and the 










Figure 31: QTL distribution of Grain Length (GL) on barley chromosomes. X-axis 
displayed the genetic postions in cM and the Y-axis displayed the significances 
in -log10 (P-values) of the associated SNPs. Filled bars are the QTLs and the 

















Figure 32: QTL distribution of Grain Width (GW) on barley chromosomes. X-axis 
displayed the genetic postions in cM and the Y-axis displayed the significances 
in -log10 (P-values) of the associated SNPs. Filled bars are the QTLs and the 

















Figure 33: QTL distribution of Grains Per Ear (GPE) on barley chromosomes. X-
axis displayed the genetic postions in cM and the Y-axis displayed the 
significances in -log10 (P-values) of the associated SNPs. Filled bars are the QTLs 
and the highlighted (*) QTLs are the roubust QTL (present in ≥3 environments) 















Figure 34: QTL distribution of grain width and length ratio (W_L) on barley 
chromosomes. X-axis displayed the genetic postions in cM and the Y-axis 
displayed the significances in -log10 (P-values) of the associated SNPs. Filled bars 
are the QTLs and the highlighted (*) QTLs are the roubust QTL (present in ≥3 
















Figure 35: QTL distribution of grain yield from HALLE (YLD) on barley 
chromosomes. X-axis displayed the genetic postions in cM and the Y-axis 
displayed the significances in -log10 (P-values) of the associated SNPs. Filled bars 
are the QTLs and the highlighted (*) QTLs are the roubust QTL (present in ≥3 
















Figure 36: QTL distribution of standard error of grain width (SE_GW) on genome. 
X-axis displayed the genetic postions in cM and the Y-axis displayed the 
significances in -log10 (P-values) of the associated SNPs. Filled bars are the QTLs 
and the highlighted (*) QTLs are the roubust QTL (present in ≥3 environments) 
















Figure 37: QTL distribution of standard error of Grain Length (SE_GL) on barley 
chromosomes. X-axis displayed the genetic postions in cM and the Y-axis 
displayed the significances in -log10 (P-values) of the associated SNPs. Filled bars 
are the QTLs and the highlighted (*) QTLs are the roubust QTL (present in ≥3 








Figure 38: QTL-hotspots for yield-traits studied here. Fourteen QTL hotspots are 
shown, together with candidate genes for developmental and yield related traits from 
barley and related species. The width of each QTL is estimated from LD (see Figs. S13-
S20). The low-recombining pericentromeric regions are marked by grey bars (Sharma et 
al., 2018). 
All the figures in Sections 3.1.3 and 3.1.4 were the work of Dr Sharma Rajiv in 








3.1.5 Cross-validation across N treatments 
A cross validation (CV) approach was used to test the GWAS scans’ robustness 
and to see if the N-treatment effects on every location can affect the genomic 
regions linked to yield-related traits. 582 SNPs showed CV above 40 across the 
traits (data shown in Sharma et al., 2018, Table S5). Compared to HALLE, in 
DUNDEE a lower number of SNPs (241 vs 339 in HALLE) resulted significant. 
Almost the same number of SNPs were from each type of treatment (288 from 
N0 and 292 from N1 treatments, respectively). These SNPs form, in total, 96 
QTLs across all traits.31 QTLs significant only in one N-treatment were observed 
in our experiment (data shown in Sharma et al., 2018, Table S5). On 1H, for 
instance, QTL_1H-3, QTL_1H-5, QTL_1H-7, QTL_1H-11, QTL_1H-15, QTL_1H-
16 and QTL_1H-17 were present only in N0-treatment. These QTLs specific for 
one N-treatment were distributed along the seven barley chromosomes. Table 
S5 also shows that seven QTLs are only present in DUNDEE and 14 only in 
HALLE location. From GWAS analysis, 14 QTL hotspots had also significance in 
the cross validation across traits, locations and N treatments (Figure 39, and 
data shown in Sharma et al., 2018, Table S5). Interestingly, four of these 
hotspots were from the LR-PCH regions of the genome (QTL hotspots 1_2, 2_2, 
3_2, 4_2 and 7_1, shown in Table S4-S6 in (Sharma et al, 2018) and Figure 38). 
Five QTL hotspots showed robustness for several traits at higher level of cross 
validation (>60). These were QTL-hotspots: 1_2, 2_2, 3_2, 4_2 and 7_1, 
respectively (Figure 39 and data shown in Sharma et al., 2018, Table S5).  
Depending upon the QTL, wild alleles can contribute to decreasing or increasing 
the values of a trait. Wild alleles at QTL hotspot 1_1, for example, overall 
decrease the trait values of W_L, GW and yield stability traits. However, values 
of SE-GW, SE_GL, GL and GPE, were increased by the wild allele (data shown 
in Sharma et al., 2018, Table S6). These effects reflect, on average, 25 highly 
different wild lines, with some of the wild alleles having a beneficial effects for 
some traits, and, at the same time, deleterious effects for other traits. In several 
cases individual wild alleles from single families, lead to opposite effects of 
decreasing and increasing trait values. 12 HEB-25 families, for instance, are 
linked to decreasing GL and 13 to increasing GL values at QTL hotspot 1_1. 
Overall, effects within families were similar, apart from 17 trait, treatment and 
location combinations, where family effects were diverse across the families 
(indicated by Coefficient of variation >11 for the effects across families). The 
QTL_3H-5 for TGW trait from HALLE under N0 treatment was among the largest 
constraining differences, since it shows decreasing and increasing effects on 
TGW from -3.04 grams to 2.56 grams, depending upon the family (data shown 







Figure 39: Genetic architecture of yield-related traits under varying nitrogen level. 
Cross validation (≥40; see Materials and Methods) was used to define QTL regions; the 
heights of the histogram bars correspond to the percentage (detection rate over 100 
runs) of cross validations (Sharma et al., 2018). 
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3.2 Discussion of the GWAS study 
3.2.1 Overview  
Domestication and genetic selection caused gene pools’ erosion of most crop 
species ((Tanksley & McCouch, 1997, Zamir, 2001), and this became a serious 
threat for future breeding advances. Wild, underutilised plant species can still 
adapt to several stresses because of their various genetic background not 
narrowed by domestication events, so they are valuable genetic resources that 
need to be considered and exploited in modern breeding programs (Zamir, 2001, 
Ellis et al., 2000, Pillen et al., 2003, Haussmann et al., 2004, Wang et al., 2010, 
Schmalenbach et al., 2011, Ma et al., 2012, Schnaithmann et al., 2014, Maurer 
et al., 2015).  
A major goal for modern plant breeding is creating new plant material, which 
can deal with different abiotic and biotic stresses while giving high yield. 
Flowering time is also important for breeders, since it is a key trait for the 
successful completion of crops’ life cycle, and so it strongly effects grain yield 
(Cockram et al., 2007, Maurer et al., 2015, Sharma et al., 2018). Yield trait 
derives indeed from several interacting developmental processes. Our study was 
focused on finding alleles from wild germplasm controlling flowering time and 
yield-related traits defining the spatial dimensions of individual barley grains 
and the ear. We also wanted to explore these traits’ stability against 
environmental variation and grain dimensions’ stability under more parameters, 
so we looked across different growth years, geographical locations and N 
fertilizer inputs.  
Nested association mapping (NAM) population is a multi-parental design, which 
combines then advantages of linkage analysis and association mapping allowing 
to investigate genomic regions with unprecedent genetic resolution and allelic 
variation (Yu et al., 2008, Maurer et al., 2015).  We used the HEB-25 NAM lines 
generated by Maurer et al. (2015) in Halle, for two principal reasons; 1) this 
population allows to interrogate simultaneously 25 diverse wild barley genomes, 
offering a rich diversity in gene alleles that should be linked to most of the 
developmental processes regulating grain yield of barley under environmental 
changes. 2) The genetic structure of BC1S3 HEB-25 lines comprises, each 
individual line,  ~25% wild germplasm and the remaining 75% is cultivar Barke 
genome; this decreases the masking of beneficial traits’ effects due to linkage 
drag from wild genome. HEB-25 population’s choice has been supported by the 
strong effects we observed in the significant QTL hotspots identified (Sharma et 
al., 2018).  
We collected a huge amount of phenotypic data that hold large variation in the 
measured yield traits across the population. For all traits transgressive 
segregants has been observed that surpass the trait value of the cultivar parent 
Barke, showing that yield trait values can be enhanced by wild alleles in our 
population above an elite modern variety.  The drastic effects of single QTLs 
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highlight the high potential in using the HEB-25 lines to introduce wild barley 
alleles, adapting flowering time and yield to environmental stresses and 
enhancing biodiversity in the cultivar barley breeding pool (Maurer et al., 2015). 
Except for chromosome  4, on all the other chromosomes’ arms could be 
assigned known flowering time genes, such as denso (Jia et al., 2009) and 
HvELF3 (Faure et al., 2012, Zakhrabekova et al., 2012, Maurer et al., 2015). 
This gene maps to the QTL_1H-16 region and affects the circadian clock and 
flowering, therefore it is not surprising to observe environment-specific effects 
on grain dimensions (Sharma et al., 2018). In total, we got 1065 significant 
QTLs. However, since many of them were overlapping, to simplify the complexity 
and identify the most important genomic regions that affect the investigated 
traits, we split the 1065 QTLs into fourteen QTL-hotspots, each affecting many 
yield-related traits at the same time.  Interestingly for my research, four of these 
QTL hotspots (hotspots 1_1, 2_1, 4_2 and 6_1), are in the LR-PCH regions, and 
we were able to show candidate genes co-localization to several regions using a 
candidate gene approach from related cereals (see Figures 17, 19-25, 27-28; 
the data are also shown in Table S4-S6 in Sharma et al., 2018).  
In this study we focused especially on grain yield, since it is usually the most 
important trait for breeders, but its genetics is difficult to understand, since it 
has a quantitative nature and complex inheritance that interacts with 
environment (Sharma et al., 2018). However, several  component traits of grain 
yield, among which grain number per ear (GPE), Thousand Grain Weight (TGW), 
grain length (GL), and grain width (GW), grain area (GA), ear length (EL) and 
tiller number (TN), are usually highly heritable. Grain size is really important 
for malting purposes and yield improvement in barley, in fact there are several 
genetic mapping studies that have shown genomic regions associated with this 
trait (Mather et al. 1997; Igartua et al. 2002; Walker et al. 2013; Cu et al. 2016, 
Sharma et al., 2018). In our study the flowering time gene Ppd-H1 mainly affects 
GPE (see Figure 17), where the early heading alleles from wild donors decrease 
GPE since a longer post- anthesis  phase, which causes grain abortion (Alqudah 
et al. 2014). We also observed that the wild allele at sdw1/denso locus on 
chromosome 3H of the HEB-25 lines affect flowering time and TGW, as was 
observed before in (Maurer et al. 2017). Summarising, the wild barley alleles 








3.2.2 Major Genomic hotspots for barley grain trait 
QTLs 
3.2.2.1 QTL hotspot 2_1 
All the grain traits measured, apart from YLD, corresponded to this hotspot, and 
this was confirmed also in the CV analysis. A wild allele effect of +2.59 mm2 on 
GA (Halle N0) was seen within family 5 at hotspot 2_1. Hotspot 2_1 is sited 
within the low recombining pericentromeric region of chromosome 2H, and the 
candidate gene is HvCEN (Comadran et al. 2012), homologous of TFL1 
Arabidopsis gene regulating flowering induction (Sharma et al., 2018). This 
region also shows associations for almost all the developmental phases 
described by Maurer et al. (2016) and yield and its component traits by 
Comadran et al. (2012) and Pasam et al. (2012).   
3.2.2.2 QTL hotspot 2_4 
This hotspot is near the FLORICAULA (FLO) locus (107.36 cM) of barley, in a 
region of low LD which includes all grain traits excluding YLD. The rice FLO 
orthologue has been shown to control panicle initiation in rice, and could be the 
causative gene in this region. Previous studies mapped in this region QTLs for 
YLD and ear length (Li et al. 2006, Saade et al., 2016). 12 wild parents of the 
HEB-25 lines contribute to increase the GPE trait at this hotspot.  
3.2.2.3 QTL hotspot 3_2 
In this region there is an overlapping of almost all YPD-related traits (see Figure 
38; data also shown in Table 5, Sharma et al., 2017). Three candidate genes are 
known to be sited in this area, that are six-rowed spike 4 gene Vrs4 (Koppolu et 
al. 2013), the brittle rachis locIi btr1 and btr2 (Pourkheirandish et al. 2015) and 
HvGI, the barley orthologue of the GIGANTIA flowering locus of Arabidopsis 
(Dunford et al. 2005). Vrs4 was identified from six-row mutants with lateral 
spikelet fertility and loss of determinacy, but its role in natural variation of yield 
is not known, whereas for brittle rachis loci, we know they have indirect effects 
on yield, but do not affect grain or ear dimensional parameters, so we do not 
think that the co-localization of btr1 and btr2 is the major determinant of the 
QTL found by us. Vrs4 controls the two-row/six-row switch via spikelet 
determinacy, thus strongly affecting all ear and grain dimension parameters. 
Finally, HvGI is known to have a strong effect on multiple developmental 
pathways including light signalling, flowering, circadian rhythm and miRNA 
processing (Mishra and Panigrahi 2015), so we think it is an excellent candidate 
for this QTL hotspot. The wild parents of families 01 03, 12 and 24 in HEB-25 
population increase TGW alleles at this hotspot; in particular, families 01 and 
24 show to have positive effects upon individual grain component  traits 




3.2.2.4 QTL hotspot 7_1 
In this region we found significance for almost all traits, except for GW that is 
significant only in HALLE (see Figure 38, data also shown in Table S4, Sharma 
et al., 2018). From CV analysis, the wild allele seems to increase GL, GA and 
SE_GW, and to reduce GPE, W_L, YLD and GW. In this hotspot all the wild loci 
decrease GPE and YLD, except in family 1. The vernalization locus VRNH-3 is 
sited in this region (Yan et al. 2006; Faure et al. 2007; Turck et al. 2008). The 
orthologue of VRNH-3 is the Arabidopsis FT gene, which has a strong effect in 
flowering pathways, switching vegetative to reproductive growth under long day 
conditions. In the HEB-25 lines, hotspot 7_1 is associated with height and 
developmental traits (Maurer et al. 2017), where the wild alleles delay barley 
development. We observed reduced GPE, suggesting that wild alleles delayed 
seed development. Two more candidate genes in this region are IAA-glucose 
hydrolase TGW6 (Ishimaru et al. 2013), and a mitogen-activated protein kinase 
OsMAPK6 (Liu et al. 2015), which have potential effects on yield influencing 
grain size, thousand grain weight and biomass. This region of low LD is a really 
good candidate for future high resolution genetic studies to define with more 
details the genes linked to these traits (Sharma et al., 2018).  
3.2.2.5 Other hotspots 
Other previous studies in cereals observed the existence of the QTL-hotspots 
regions (Marathi et al. 2012; Rustgi et al. 2013; Mikołajczak et al. 2016; Wang 
et al. 2016). Our QTL-hotspot 2_2 corresponds to the QTL-hotspot on 
chromosome 2H found in Wang et al (2016) (Wang et al. 2016), close genetically 
to the VRS1 major row-type gene in barley. Interestingly, there are overlaps of 
our QTL-hotspot 2_1 with E and F-regions and 4_1 with I-region of the hotspot 
in the paper of Mikołajczak et al., (2016). Klaus PIllen’s group in HALLE are 
working on the cloning of the candidate gene behind 4_1 hotspot, which affect 
many developmental phases and grain-traits. Furthermore, other QTL studies 
showed QTL localization in the bins  7, 8, 9, 10, 11 and 13 corresponding to our 
hotspots 2_1, 2_2, 2_3, 2_4 and 2_5 of chromsome 2H (Coventry et al. 2003).   
3.2.3 Grain stability traits  
On chromosome 1H (100.1 cM) there is the largest peak for grain stability trait 
SE_GL (data shown in Table S4 and S5, Sharma et al., 2018), where overall the 
wild alleles increase the parameter. The thresh-1 locus (Schmalenbach et al. 
2011), controlling grain threshability, is the candidate gene. thresh-1 is 
correlated to BOPA1 SNP marker 2_0267 (BOPA1_1923_265; (Schmalenbach et 
al. 2011)) that maps to 98 cM, showing significance on our study as well. Poorly 
threshing lines are prone to over-threshing, leading to seed damage and 
therefore variation in seed dimensions, particularly GL. For SE_GW, 
chromosomes 3H (40.7 cM) and 4H (14.9-26.3 cM) hold QTLs with high 
significances, and the wild alleles contribute to increase in the GW standard 
error. These regions coincide with the intermediate row-type loci, int-C and Vrs4 
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(Ramsay et al. 2011; Koppolu et al. 2013), which has an effect on spike 
morphology for two and six rows, so it affects GW within the spike. 
3.2.4 Environmental effects 
Together with the main effects of grain dimension, we also observed several 
environment-specific effects, as the multi-environment analysis shows (see 
Figure 26; data also shown in Table S4-S6, Sharma et al., 2018). For example, 
QTL_1H-12 and QTL_1H-16 appear in HALLE site data and QTL_3H-9 between 
locations in N0-treatment. Candidate genes overlap these QTLs in several cases, 
e.g. HvELF3 (Faure et al., 2012, Zakhrabekova et al., 2012) maps to the QTL_1H-
16 region. HvELF3 affects the circadian clock and therefore barley flowering 
time; this explains the environment-specific effects on grain dimensions that we 
observed. Nowadays, due to increasing threat of global temperature rises, it is 
fundamental to understand these environment-specific effects at QTLs that 
control grain yield. Our study provides an inventory of genomic regions with 
significant environmental effects. However further investigation is needed to 
involve also temperature and photoperiod effects, since they influence several 
stages of crop development.  
In our study we wanted to uncover the loci linked to grain yield component traits 
under different N treatments levels. However, we did not observed major 
differences between the different N treatments. This could be caused principally 
due to the residual nutrient availability in our experimental fields that were 
fertilised in previous years. Therefore, future trials under N stress should be 
located in better-managed fields, since they are a much more direct analogue of 
the farmer’s fields than the well-controlled environment of glasshouses. 
However, the subgroup of HEB-25 selected for PCH introgression lines’ 
development could be more easily managed under different N-fertilizer stress 
future experiments, to provide a better understanding of plant performance and 
response under N fertilization.  
3.2.5 Family-specific effects 
Our study shown strong family-specific allelic effects, contrasting between 
families in many cases. This suggests high allelic diversity within the HEB-25 
NAM population. Exotic alleles from several different HEB families increase up 
to 6% over Barke values for GA trait at the QTL hotspot 2_1 (see Table S6, 
column AN in Sharma et al., 2018). Also in QTL hotspot 3_2 there are strong 
positive effects from the exotic alleles, especially involving GL, GR and TGW 
traits. QTL hotspot  7_1 is associated with an improvement in GA and GPE. This 
suggests the HEB-25’ s relevance for barley yield improvement. The multi-
parental NAM design, in comparison with bi-parental populations studies, 
allows us to identify family-specific effects of wild barley alleles that can be 
useful for future allele mining since we know the geographical location of the 25 
different wild donors of HEB-25 lines, and so where to search for new allelic 
diversity. The variation of allelic effects on dimensions of grain over locations 
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and years (potentially assigned to the family level), means that loci and family 
combinations could be useful for targeted environment breeding.  
In conclusion, we demonstrate that the HEB-25 population is useful to explore 
the genetic basis of barley yield-related traits under different environments. We 
identified fourteen QTL hotspots under varying environments and sites. At least 
ten of them are located outside the PCH regions, so they are accessible for 
recombination-based breeding. The wild regions identified are often associated 
with grain-trait values decrease, however these regions can be exploited in the 
future for allele-mining efforts, since in several cases family effects showed 
positive effects. Currently, we are analysing the exome-captured sequences of 
the whole HEB-25 population, which will help us to identify family specific 
haplotypes effects more in detail. Our study proves the importance of wild barley 
alleles in increasing TGW, but at the cost of reducing GPE as well as height 
increasing (Sharma et al., 2018).  
A copy of our paper including all the results about association analysis of the 
HEB-25 population is attached at the end of the thesis, and it is also available 




4. Development and trialling of HEB-25-
derived pericentromere substitution lines   
4.1 Results 
4.1.1 Overview 
HEB-25 lines that have one or more pericentromeric heterochromatic (PCH) 
regions derived from the wild parent can be used to develop pericentromeric 
substitution lines (PCSLs). These can be very interesting for breeding purposes 
because PCH regions have roughly 20-fold less recombination events than 
euchromatic regions, so genes in these areas cannot be reshuffled easily by the 
breeder (see Introduction). The consequence of this is that selective breeding 
has led to very narrow allele diversity in the PCH regions. Substituting the low-
recombining (LR)-PCH with orthologous exotic segments, dramatically increases 
the genomic biodiversity of barley and allows the testing of co-evolved gene allele 
sets for the presence of novel useful genetic variation. We therefore selected 
HEB-25 lines possessing one or more entire PCH wild-derived introgressions 
and subjected them to a clean-up backcrossing step to remove as much 
undesired wild-derived genome covering the euchromatic chromosomes arms as 
possible. This would allow me to observe the effects of wild-derived PCH 
substitution on crop performance, against a cultivar-derived genetic 
background elsewhere in the genome. While this was the ideal situation, we 
were aware that our lines would still contain some reduced levels of wild-derived 
contaminating genomic regions, so we adopted a strategy of collecting and 
trialling control progenies segregating for these genomic contaminants to allow 
us to estimate their contributions to the phenotypes under investigation. 
4.1.2 Strategy to generate pure PCSLs  
First, a sub-set of 64 HEB-25 lines were selected for PCSL generation (Table 8). 
This represented a manageable number of advantageous combinations of wild-
derived introgressions covering the PCH regions, together with minimal 









Table 8. List of HEB-25 lines showing successful backcrossing in the second 
round of back-crossing. 
 
The 64 HEB-25 lines used for backcrossing organized by family (wild parent) and 
chromosomes, showing those with wild-derived pericentromeric (PC) regions on the 
corresponding chromosome(s). Green = confirmed backcross progeny; red= self-crosses. 
White= lines for which no backcross progeny were obtained. 
 
 
Figure 40. Examples of HEB-25 lines carrying exotic segments covering the 
heterochromatic region (grey bar) on chromosome 1H. Illumina iSelect markers  
used to map the HEB-25 genome are shown at the top of the figure. Light pink regions 
surrounding the exotic segments are from the cultivar Barke parent. White cells mean 
no marker score (uninformative). Homozygous or heterozygous wild donor segments (red 
and mid-pink bars correspondingly) cover the heterochromatic region, but also parts of 
the euchromatic arms. 
High-throughput SNP mapping of the HEB-25 population with 7,864 iSELECT SNPs has revealed 
the breakpoints between the Barke and wild type-derived germplasm in each of the lines. 
HEB lines
Homozygosity wild donor contribution







As Figure 1 shows, wild donor segments cover the heterochromatic region, but 
also the surrounding euchromatic area. Our aim was to reduce this flanking 
wild contribution through backcrossing and self-crossing clean-up steps, while 
preserving complete wild-derived LR-PCH region. A single backcross decreases 
the wild donor contribution by ~50% in the offspring genome. Thus, the 64 HEB-
25 lines were backcrossed with their parent cultivar Barke. To achieve this, the 
64 HEB-lines were first subdivided in three groups of 22, 22 and 20 respectively 
(Table 9), and sowed at intervals of 2 weeks. This subdivision was done to allow 
working and focusing on a manageable number of lines for back-crossing; 
otherwise, it would have been difficult to backcross such a big number of plants 
all in once. Each HEB-line was represented by 12 individual plants. Also the 
elite parent Barke was sowed as pollen donor, one week before and after each 
of the three HEB-25 subgroups (Table 9). Barke was planted before the HEB-
lines to synchronise the heading time to the HEB-lines with the pollen stage of 
the elite barley, for crossing purposes. 
Table 9. Sowing dates of the 64 HEB-25 lines and recurrent backcross 
parent Barke. 
Candidate lines Sowing date 
Barke 07/01/2014 
22 HEB-25 14/01/2014 
Barke 21/01/2014 
22 HEB-25 28/01/2014 
Barke 04/02/2014 
20 HEB-25 11/02/2014 
Barke 18/02/2014 
 
Unfortunately, although Barke was planted one week earlier for each subset of 
22 HEB-25 lines, the HEB-25 lines always flowered much faster than their elite 
parent, several of them exhibiting ears already three weeks after planting, 
whereas Barke showed ears after about five weeks. Therefore, Barke flowering 
time was too late to provide pollen to fertilise the early-flowering HEB-lines. We 
also tried to cut off the ears from the HEB-25 lines to allow the regrowth of new 
ears, but we did not obtain enough of them to compensate the timing gap 
between Barke and HEB lines. This was a big limitation to the success of my 
first tranche of backcrosses and in the event, only 13 of the 64 lines were 
successfully fertilised by Barke. For the first tranche of backcrossing the HEB-
25 plants were crossed using the twirl method (see section 2.1.3.1, Chapter 2). 
This involved shaking one male spike above the emasculated female spike. This 
could be another reason why so few plants were successfully fertilised, namely 
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the quantity of pollen was not enough to reliably reach and fertilise the stigma 
of every spikelet.  
Due to the small number of backcrosses obtained, I repeated the backcrossing 
(winter 2015). However, this time, I selected 27 HEB-lines from the 64 previously 
chosen (see Table 1, section 2.1.2, Materials and Methods). The contracted 
subset comprised not only those lines with the least wild contribution across 
the genomes but also those with at least two wild pericentromeric segments. To 
overcome the asynchronous flowering time issue between Barke and the NAM 
lines, the 27 HEB-25 lines were sowed two weeks after their cultivar parent 
Barke this time (Table 10). The 27 HEB-25 lines were sowed 5 times, at intervals 
of three weeks.  














To improve crossing efficiency in this phase of the experiment, every 
emasculated spike was pollinated by two to three male spikes at the same time, 
using the twirl method (See Figure 8, Section 2.1.3.1, Chapter 2), to increase 
the pollen donation. In addition, anthers rich in pollen from male Barke spikes 
were manually transferred to the empty female spikelets, taking care to make 
anthers touch the stigma to considerably increase the probability of cross-
fertilisation (See Figure 9, Section 2.1.3.1, Chapter 2).  
To be ready for emasculation, a female spike must be still enveloped in the flag 
leaf. However, once the flag leaf is removed, the spike must be able to stand,and 
the anthers inside the spikelets must be green. If the spike falls down after the 
Candidate lines Planting date 
Barke 19/08/2014 
27 HEB-25 lines 03/09/2014 
Barke 09/09/2014 
27 HEB-25 lines 24/09/2014 
Barke 02/10/2014 
27 HEB-25 lines 16/10/2014 
Barke 10/12/2014 
27 HEB-25 lines 18/12/2014 
Barke 08/01/2015 




flag leaf’s removal, and anthers inside are too pale and small, the spike is still 
too young. If they tend to be yellow, this means they are close to producing 
pollen, so there is the risk of self-pollination and the female spike can be too old 
to be emasculated. At the first round of backcrossing, I found it difficult to 
distinguish the right stage of female spike maturity, because, in several cases, 
spikes looking too young had anthers already tending to yellow, and spikes 
looking ready were already producing pollen for self-cross. However, during the 
subsequent backcrosses of the 27 HEB lines, I found it much easier to find 
female spikes at the right stage of emasculation, thanks to the experience 
accumulated before. When the HEB plants were fertilised by Barke pollen, 
female spikes showed seeds after circa seven days. The appearance of seeds 
earlier than this probably meant a self-cross, but they were all kept until 
genotyping confirmation.  
During this second backcross round, a total of 367 plants belonging to the 27 
HEB-lines showed seeds after backcrossing. They were collected and then sown, 
together with the progeny plants from the first backcrossing attempt, for 
genotyping. After sowing the following problems emerged. First, some of the 
seeds did not germinate and others died shortly after germination. Possible 
causes could be asphyxiation due to plant crowding on the bench or inefficient 
irrigation of the plants. In particular, the area containing backcross progeny of  
HEB-14-60, HEB-14-97, HEB-14-121 and HEB-14-145 was observed to be dry, 
leading to plant dehydration. Therefore, an automated irrigation system was 
introduced, which helped alleviate the problem.  
4.1.3 Screening for successful backcross progeny by 
KASP marker analysis 
To discover which of the 380 progeny plants (13 from the first round, and 367 
from the second round of backcrossing) were backcross progenies rather than 
derived from self-crosses, tissue samples were sent for KASP marker analysis 
(see section 2.1.5, Chapter 2). Successful backcross progeny plants were 
heterozygous for the wild segments targeted by the selected KASP markers. 
KASP assay confirmed that 280 of the 380 plants (circa 73%) were from 
successful backcross progeny (Figure 41). These 280 plants belong to 22 of the 





Figure 41. An example of genotyping analysis of HEB-25  backcross progeny using 
the SNP viewer software. Genotype results are shown for a single KASP marker as an 
example, (highlighted in blue on the right). Each dot in the main screen corresponds to 
a sample in the plate below. Red dots and blue dots represent homozygosity, whereas 
green dots represent heterozygosity for the KASP marker. Black dots= failed assay; pink 
dots= ambiguous marker score. 
4.1.4 Self-crossing and phenotypic variation among 
the HEB-25 progenies 
Once the backcross progenies were confirmed, the strategy involved subjecting 
the HEB progeny lines to two round of self-crossing to render the remaining wild 
germplasm homozygous and segregate these regions into multiple progeny. 
Therefore, between March and May 2015, for each of the 22 HEB-25 progeny 
lines 96 seeds (F1) were sowed in 96 cell seed trays under glasshouse conditions 
for the first round of self-crossing (see section 2.1.3.2, Chapter 2).  
The small size of the seed trays were ideal to sow a high number of plants in a 
limited environment such as a glasshouse. Moreover, since this step of the 
experiment was a clean-up step, only one to two spikes per plant were required 
for subsequent self-crossing. Overall, the BC2S1 plants grew well and roughly 
70 seeds were harvested from each of the 22 HEB lines and sowed again for the 
second round of self-cross to generate BC2S2. For this round 6" x 6.5" pots were 
used, because larger amounts of seeds were needed for field trialing. In each 
large pot three seeds from the same plant were sowed, to assure 100% 
germination of the BC2S2 progeny. If more than one seed germinated, the extra 
plants were removed to leave one plant per pot.  
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At this stage of the experiment, visible phenotypic differences could be seen 
among the growing BC2S2 plants, especially in flowering time, maturity and 
yield traits.  These traits appeared to vary within each of the three different 
glasshouse locations, but particularly between the AP and AN glasshouses 
compared to the AO glasshouse. Although the temperature environment was set 
identical in the three glasshouses, the AO location exhibited dysfunction in air 
conditioning during the hottest month (July 2016) leading to a dramatic 
increase in temperature that made plants suffer greatly. Under stress, the 
plants showed accelerated flowering time, together with reduced number of 
tillers and lower yield compared to the plants in AN and AP glasshouses. In 
some cases this also led to plant death. Another issue observed in all the three 
glasshouses that could have impacted on final yield was lodging; HEB-lines in 
most cases reached a substantial height that made plants fall down. I addressed 
this problem by staking every plant. The HEB lines in AO glasshouse were the 
first to be staked, so they were not deeply affected by lodging. On the other 
hand, plants in AP glasshouse suffered more due to lodging since they stayed 
for a longer period without any support. However, in most cases the plants were 
rescued in time and yield was not badly compromised.    
The phenotypic variety evident among lines within the same glasshouse 
included time to maturity. Also, some plants showed poor yield just slightly 
above 20 seeds, whereas others reached ~50/60 seeds. The lines showing the 
lowest yield were: HEB-13-124, HEB-16-144, and HEB-17-041, where almost 
all the plants gave each less than 25 seeds. For HEB-10-107 and HEB-12-038, 
yield was higher but still half of the plants did not give more than 20-25 seeds. 
Lines showing the highest yield were: HEB-02-017, HEB-02-067, HEB-05-157, 
HEB-13-111, HEB-14-060, and HEB-23-116.  In total, the BC2S2 progeny lines 
were 1521 (see section 2.1.3.2, Chapter 2). 
4.1.5  Selection of PCSLs for phenotypic analysis 
After the second round of self-crossing, the genotype of each BC2S2 plant was 
scored, to select the best HEB candidates for phenotypic analysis by field trials. 
All 1521 BC2S2 plants were genotyped, using 96 KASP markers this time (see 
Table 3, section 2.1.7, Chapter 2). The increased marker number was needed 
for this phase of the experiment because we needed to both check whether the 
wild PCH regions of interest were still in place and to follow segregation of all 
the undesired wild segments along the euchromatic chromosome arms. In the 
event, 84 of the 96 iSELECT KASP markers were successful in genotyping the 
HEB-25 line progenies. 12 markers failed to genotype, probably because marker 




Table 11. List of markers that failed KASP assay 
Marker name Chromosome cM 
SCRI_RS_60145 1H 5 
SCRI_RS_153693 2H 24.5 
SCRI_RS_175365 4H 51 
SCRI_RS_207768 4H 26.3 
SCRI_RS_175331 4H 49.8 
SCRI_RS_149936 5H 134.3 
SCRI_RS_145361 5H 52.29 
SCRI_RS_166120 6H 52.5 
SCRI_RS_127224 7H 20.8 
SCRI_RS_124478 7H 77.26 
BOPA1_6868_595 7H 123.9 
SCRI_RS_164623 7H 128.26 
 
The loss of 12 markers did not have a huge impact on our genotyping due to the 
high number of selected SNP markers that still gave us detailed information 
about the presence/absence of most of the wild segments we wanted to check. 
However, a few wild regions could not be mapped so we do not know if they had 
been removed or not during the cleaning up steps. These regions are 
represented in Table 12. The HEB-progenies that are more affected by the 
failure of these 12 KASP markers are HEB_10_107, HEB_12_038, HEB_13_124 
as well as HEB_14_060, HEB_15_040, HEB_16_144 and HEB_24_064, due to 
the highest number of unchecked wild segments across the whole genome 
(Table 12). Moreover, it was not possible for these lines to detect the presence 
of a PCH substitution of interest on chromosome 4 because this was mapped 
by the failed marker  SCRI_RS_175365. For the other progenies, the impact was 
less, since all the PCH of interest could be detected and few wild regions along 




Table 12. Regions not mapped during genotyping analysis due to marker 
failure. 






2H 24.5 SCRI_RS_153693 
5H 134.3 SCRI_RS_149936 
7H 77.26 SCRI_RS_124478 
HEB_02_067 
1H 5 SCRI_RS_60145 
5H 134.3 SCRI_RS_149936 
6H 52.5 SCRI_RS_166120 
HEB_05_157 
4H 26.3 SCRI_RS_207768 
7H 77.26 SCRI_RS_124478 
HEB_06_138 7H 77.26 SCRI_RS_124478 
HEB_09_167 
2H 24.5 SCRI_RS_153693 
4H 26.3 SCRI_RS_207768 
5H 134.3 SCRI_RS_149936 
7H 77.26 SCRI_RS_124478 
HEB_10_107 
1H 5 SCRI_RS_60145 
4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
5H 52.29 SCRI_RS_145361 
6H 52.5 SCRI_RS_166120 
HEB_11_028 
5H 52.29 SCRI_RS_145361 
7H 20.8 SCRI_RS_127224 
HEB_12_038 
4H 51 SCRI_RS_175365 
4H 26.3 SCRI_RS_207768 
4H 49.8 SCRI_RS_175331 
7H 20.8 SCRI_RS_127224 
HEB_13_111 
4H 26.3 SCRI_RS_207768 
6H 52.5 SCRI_RS_166120 
HEB_13_124 
1H 5 SCRI_RS_60145 
4H 51 SCRI_RS_175365 
4H 26.3 SCRI_RS_207768 
4H 49.8 SCRI_RS_175331 
7H 77.26 SCRI_RS_124478 
HEB_14_060 
1H 5 SCRI_RS_60145 
4H 51 SCRI_RS_175365 
4H 26.3 SCRI_RS_207768 
5H 134.3 SCRI_RS_149936 









4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
5H 134.3 SCRI_RS_149936 
6H 52.5 SCRI_RS_166120 
7H 77.26 SCRI_RS_124478 
HEB_15_052 
5H 134.3 SCRI_RS_149936 
6H 52.5 SCRI_RS_166120 
7H 123.9 BOPA1_6868_595 
HEB_16_064 
2H 24.5 SCRI_RS_153693 
6H 52.5 SCRI_RS_166120 
7H 77.26 SCRI_RS_124478 
HEB_16_144 
4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
7H 77.26 SCRI_RS_124478 
7H 123.9 BOPA1_6868_595 
7H 128.26 SCRI_RS_164623 
HEB_17_041 
5H 52.29 SCRI_RS_145361 
7H 123.9 BOPA1_6868_595 
7H 128.26 SCRI_RS_164623 
HEB_19_049 
4H 26.3 SCRI_RS_207768 
7H 20.8 SCRI_RS_127224 
HEB_19_058 
4H 26.3 SCRI_RS_207768 
7H 77.26 SCRI_RS_124478 
HEB_20_053 
1H 5 SCRI_RS_60145 
4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
HEB_23_116 
4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
7H 123.9 BOPA1_6868_595 
HEB_24_064 
4H 51 SCRI_RS_175365 
4H 49.8 SCRI_RS_175331 
5H 134.3 SCRI_RS_149936 
5H 52.29 SCRI_RS_145361 
6H 52.5 SCRI_RS_166120 
HEB_24_201 
5H 134.3 SCRI_RS_149936 
6H 52.5 SCRI_RS_166120 
7H 123.9 BOPA1_6868_595 




4.1.6 Analysis of KASP marker results and selection 
of PCSLs for trialling                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
From the KASP analysis results, 174 HEB BC2S2 lines were selected for field 
trial. Among them, 65 HEB progenies (Table 13) conserve wild-derived PCH 
region(s) of interest. In addition, they have lost much of the other wild-derived 
genomic segments present in their parents. The other 111 HEB progenies are 
controls, which lack the PCH region(s) of interest, but contain differing 
combinations of contaminating wild segments, some of which are still present 
in the 65 HEB lines (Figure 43, Figure 44, and see Appendix). This means they 
can be used to test the effects of particular wild-derived substitutions on the 
phenotype. 
We used a numerical method devised by Prof Andy Flavell, to select the 
progenies of interest. To every homozygous wild marker covering a PCH region 
of interest, we gave a score of 20 000 and 10 000 was scored for each 
heterozygous segment (Figure 42). Wild marker alleles flanking the PCH 
region/s of interest were each given scores of 2000 and 1000, respectively and 
all other wild-derived alleles distributed across the genome were scored at 2 and 
1, respectively (Figure 42 A) and B)). All Barke-derived regions were scored as 
zero. The total score of each genome could tell us if the line retained one or more 
wild PCH region(s), the degree of flanking wild contamination around the PCH 
and the amount of wild material in the euchromatic arms of the chromosomes. 
For example, a score of 25007 (of HEB-13-111_3H, also reported in Figure 3B) 
means that this line has a homozygous segment still covering the 
heterochromatic region (score 20000), with two flanking wild segments (2000 + 
2000), plus a heterozygous wild segment flanking the heterochromatic region in 
6H (+ 1000). In sum, 20000 + 2000 + 2000 + 1000 = 25000; the last number, 
7, means that there are still few residual wild regions along the euchromatic 
arms. This method was extremely helpful to identify quickly the potential 






















Figure 42. KASP marker analysis of backcross progenies derived from to HEB-13-
111. A) KASP genotyping of 71 backcross progenies analysed. Top: Chromosome names 
(in different colours); name of the 84 markers used to map the HEB progenies; position 
(in cM) of each marker along the chromosome; Barke’s genome; original HEB-line 
genome. Red rectangles highlight those markers that map the heterochromatic regions 
with wild substitutions. Left: List of progeny names. Progenies selected for field trials 
are shaded blue (the candidate ones) and yellow (the control ones). Right: Total score 
for each line. B) highlighted section of the genome of one of the candidate PCH lines, 

















































































































Progenies selected are organised by family (wild parent) and chromosome(s) with wild-







Figures 43 and 44 each show, respectively, one of the most successful examples 
of genotypes for BC2S2 progenies selected for field trials, including control lines, 
for the following reasons;  
1) in both examples the wild contribution (green and pink regions) is 
considerably diminished in all the progeny lines compared with the original 
HEB-25 lines, meaning the cleaning up step successfully worked;                           
2) both examples have progenies carrying one or the other of the two PCH 
substitutions present in the original HEB line (HEB-13-111_3H for 3H and 
HEB-13-111_6H for 6H (Figure 43); HEB-14-060_3H for 3H and HEB-14-
060_4H for 4H, (Figure 44) as well as one progeny carrying both the PCH 
substitutions (HEB-13-111_3H/6H and HEB-14-060_3H/4H, respectively).  
We intentionally selected where possible one progeny for each PCH substitution 
in the original HEB lines, to isolate the effects of each wild PCH segment and 
see if there was any relevant difference in the plant phenotypes. Figure 45 show 
BC2S2 progenies that have been chosen as well for field trials, but contrary to 
Figure 44 and 45, the HEB lines here illustrated are not among the most 
promising, due to the high level of wild material in their genome, especially for 
3H, and, in minor part, 4H and 5H. This demonstrates that the HEB progenies 
selected show large differences in both the number and extent of introgressions 
still present in their genomes. 
The control lines in Figure 43, 44 and 45 segregate for subsets of the same wild 
segments but lack the PCH region of interest. Similar situations can be observed 




Figure 43. KASP genotypes of backcross progeny lines derived from HEB-13-111 
studied by field trialling. A) Original line; B) selected HEB progenies; C) control HEB 
lines. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed at 
the bottom. KASP markers in red map to the HC region of interest. Green shading = 
homozygous wild segments, pink shading = heterozygous segments, grey shading = 








Figure 44. KASP genotypes of backcross progeny lines derived from HEB-14-060 
studied by field trialling. A) Original line; B) selected HEB progenies; C) control HEB 
lines . Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green shading = 
homozygous wild segments, pink shading = heterozygous segments, grey shading = 







Figure 45. KASP genotypes of backcross progeny lines derived from HEB-12-038 
studied by field trialling. A) Original line; B) selected HEB progenies; C) control HEB 
lines . Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green shading = 
homozygous wild segments, pink shading = heterozygous segments, grey shading = 
Homozygous Barke segments. 
4.1.7 Field trialling and Phenotypic scoring of HEB 
backcross lines 
The selected HEB-progenies (65 candidate and 111 controls), together with the 
original parental HEB-lines and Barke parent were sown at the Berry Hill site, 
Dundee, in late March 2017 (see section 2.1.8, Materials and Methods). Only 
one replicate of field trial was done, since there was not time to repeat the 
experiment again. Overall the HEB progenies grew well in the field, showing 
traits similar to their parent Barke, since the further backcross increased Barke 
contribution of circa 50% in their genome. Moreover, the following self-crosses 
cleaned even more the HEB’s genome from the wild donor contribution. Heading 
date, plant height and ear length were scored between June and July 2017. 
Harvesting was carried out at the end of August 2017. From each plot holding 
around 20 plants, five ears plus further 12 ears were collected, each from 
different plants. The first five were thrashed and used in my project to measure 
yield-related traits by Marvin software analyser. The other 12 are stored to be 






that could still be considered representative of each field plot, with each of the 
five spikes coming from a different plant. Moreover, considering the little time 
left of my PhD, this number allowed a quick seed threshing and analysis 
through Marvin software.   
4.1.8 Association analyses 
Once the phenotypic data were analysed, for each progeny lines we associated 
to the phenotypes candidate genes, focusing on those genes known to be sited 
in the PCH regions of barley genome.  
4.1.8.1 PCH substitution in chromosome 1  
The HEB progenies of interest for 1H PCH substitution are listed in Table 14 
(see Figures S8 and S12, Appendix). 
Table 14. HEB original lines and progeny lines showing the wild substitution in 
the PCH on 1H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  




  control-I_12-038 
  control-V_12-038 




  control-VI_16-064 
  control-V_16-064 
  control-III_16-064 
  control-II_16-064 
  control-I_16-064 
 
4.1.8.1.1 Heading date (HEA) 
No significant differences were observed in HEA among the progenies (Table 
15). Statistical analysis confirmed that there are not significant differences (p 
value = 0.37 of t-test analysis) in flowering time among the HEB lines still 






Table 15. Average values for HEI, ear length and HEA scoring of Barke, 




HEI to ear Ear length HEA 
Barke  74.4 83.8 9.3 76.8 
HEB original lines 72.5 83 10.5 78 
HEB control lines 66 74.91 8.91 77.18 
HEB candidate 
progenies 77.67 87.3 9.67 78.67 
p-value 0.057 0.057   0.36 
HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. Asterisks 
mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 
0.001) between the lines still carrying the PCH substitution and those that not. 
 
 
Figure 46. Comparison of 
flowering time between 
the HEB progenies with 
the 1H PCH (X1H PCH 
positive) and those that 
lost it (X1H PCH 
negative). The range in 
heading date for the X1H 
PCH negative varies from 
73 to 80 days, whereas for 
X1H PCH positive is from 
73 to 82, thus there is not 
a substantial variation 
observed.  
 
4.1.8.1.2 Plant Height (HEI) 
Statistical analysis confirmed a slight difference (p value = 0.057, Table 15) for 
HEI between the 1H PCH substitution HEB lines and those that lost it (Figure 
47 A) and B)). HEB-12-038 is much taller than the cultivar Barke, however only 
HEB-12-038_1H/4H (Table 13) shows an increased HEI (see Table S1 in the 
Appendix). whereas all the other progenies look similar to Barke. HEB-16-064 
is surprisingly shorter than Barke, whereas HEB-16-064_1H/6H and HEB-16-
064_1H look more similar to the elite cultivar. But curiously, all the other 
progenies with no 1H PCH substitution have decreased HEI like the original 






Figure 47. Comparison of 
height to collar (A) and 
height to ear (B) between 
the HEB progenies with 
the 1H PCH (X1H 
positive) and those that 
lost it (X1H_negative).  
A) It can be observed some 
variation in height to collar 
among the  HEB lines 
without the 1H PCH 
substitution 
(X1H_negative, range from 
50 to 81 cm), and the HEB 
progenies still carrying the 
substitution in 1H (X1H 
positive, range from 62 to 
98 cm);  
 
B) the same can be 
observed for height to ear, 
where the height variation 
is from 58 to 92 cm for the 
X1H_negative, and from 
72 to 108 cm for the X1H 
positive. 
 
4.1.8.1.3 Yield (YLD) 
Yield-related traits were measured by Marvin software analyser. No significant 
effects are observed for yield-related traits among the 1H PCH progenies and 
those without it, as it is confirmed by t-test statistical analysis (Table 16 and 












Table 16. Average YLD-related traits’ scoring of Barke, original HEB lines, 
HEB candidate and control progeny lines for the 1H PCH. 
 GPE Weight(g) TGW(g) Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
HEB original 
lines 115 6.525 56.69 30.15 4.05 10.65 0.38 
control lines 107.5 5.95 55.08 30.1 3.95 10.67 0.38 
HEB candidate 
progenies 128.17 6.84 53.17 29.03 3.9 10.17 0.39 
p-value 0.12 0.37 0.17 0.42 0.26 0.52 0.85 
GPE= Grain per ear, TGW= Thousand Grain Weight, W_L= Width/Length. Asterisks 
mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 
0.001) between the lines still carrying the PCH substitution and those that not. 
4.1.8.2 PCH substitution in chromosome 2 
The HEB progeny lines of interest for the 2H PCH substitution are shown in 
Table 17. (see Figures S2, S4, S7, S11, S15, S17 and S18, Appendix).  
Table 17. HEB original lines and progeny lines showing the wild substitution in 
the PCH on 2H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  
with 2H PCH that have lost 2H PCH 
HEB-06-138 
HEB-06-138_2H/7H control-I_06-138 
  control-II_06-138 





  control-IV_11-028 




  control-III_15-052 
  control-IV_15-052 




  control-III_02-067 
  control-IV_02-067 







HEB progeny lines  HEB progeny lines  








  control-II_20-053 
  control-III_20-053 
  control-IV_20-053 
  control-V_20-053 




  control-II_23-116 
  control-III_23-116 
  control-IV_23-116 
 
4.1.8.2.1 Heading date (HEA) 
Statistical analysis gave a significant difference (t test p-value <0.05) for HEA 
between the HEB lines carrying the 2H PCH substitution and those that lost it 
(Figure 48). Overall, the original HEB lines flowered earlier than Barke (Table 
18), except for HEB-19-049, which flowered at the same time of Barke, and 
HEB-23-116, which flowered even four days later than Barke (see Table S3 in 
the Appendix). For HEB-11-028 and HEB-15-052, also the progenies with the 
2H PCH substitution flowered earlier than Barke (see Table S3 in the Appendix). 
About HEB-19-049, the progenies flowered even before than the original line 
(see Table S3 in the Appendix). In all the other cases, is common that half of 
progenies flowered at the same time of Barke, and the other half instead is more 
similar the original HEB line. Overall, most of the HEB progenies that lost the 
2H PCH substitution showed a delayed HEA, more similar to Barke than the 
original HEB lines, except for HEB-15-052 and HEB-20-053 that show the 





Figure 48. Comparison of 
flowering time between 
the HEB progenies with 
the 2H PCH (X2H 
positive) and those that 
lost it (X2H_negative). 
The range in heading date 
for the X2H PCH negative 
varies from 73 to 80 days, 
whereas for X2H PCH 
positive is from 70 to 80, 
thus some of the progenies 
show reduced flowering 
time.  
 
4.1.8.2.2 Plant Height (HEI) 
No significant differences for HEI have been observed among Barke, the original 
HEB lines and the HEB progenies (Table 18, Figure 49). This was confirmed by 
t test analysis, with a p-value > 0.05 (0.314 and 0.44 for height to collar and 
height to ear, respectively). 
 
 
Figure 49. Comparison of 
height to collar (A) and 
height to ear (B) between 
the HEB progenies with 
the 2H PCH (X2H 
positive) and those that 
lost it (X2H_negative). 
Overall small variation is 
seen between X2H positive 
and X2H negative, with a 
range A) from 64 to 83 cm 
(X2H_negative) and 64 to 
81 cm (X2H positive ), 






B) from 72 to 93 cm 
(X2H_negative) and from 








Table 18. Average values for HEI, ear length and HEA scoring of Barke, original 









Barke  74.4 83.8 9.3 76.8 
HEB original lines 76.8 86.2 9.4 76.8 
control lines 73.03 82.2 9.2 75.59 
HEB candidate 
progenies 72.59 81.41 8.8 74.4 
p-value 0.44 0.31   >0.05(*) 
HEI= plant height, HEA= heading date.  Asterisks mean significant differences ( * = P-
value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) between the lines still 
carrying the PCH substitution and those that not. 
4.1.8.2.3 Yield (YLD) 
Table 19 shows a media of the values from the Marvin software analysis of all 
the YLD-related traits for the HEB progeny lines compared with the parents and 
the HEB progeny controls. Significant differences between the 2H PCH positive 
progenies and the negative ones were observed for the GPE (Figure 50), seed 
weight (Figure 51), width (Figure 52) and W_L (Figure 53). No particular effects 
or differences were found for TGW, Area and length of seeds (see Table S4 in 
the Appendix). The main differences in  number of seeds between Barke and the 
original HEB line are seen for HEB-11-028, HEB-02-067, HEB-15-052, HEB-
23-116 and HEB-06-138, in this order, where the original HEB line has 
significant less seeds than the cultivar. However, in most cases the HEB 
progenies still carrying the 2H PCH substitution (2H PCH positive) do not show 
the same drastic drop of seeds of the original line, although, overall, their seeds’ 
number is decreased compared with Barke. HEB-15-052_2H and HEB-15-
052_2H/6H, for example, have, respectively, 118 and 116 number of seeds, 
which is higher than the 82 seeds of the original HEB plant, but still less than 
the ~128 of Barke. A similar situation is observed for the progenies HEB-20-
053_2H/4H and HEB-20-053_2H (see Table S4 in the Appendix). On the other 
hand, most of the other HEB progenies with no 2H PCH substitution (2H PCH 
negative) are more similar to Barke, and in some cases, they have even a higher 
number of seeds than the elite barley. The only cases where there is a significant 
drop are control-I_02-067 and control-II_02-067 (111 and 80 seeds, 
respectively, versus the ~128 of Barke), and control-III_15-052 (110 seeds). 
HEB-19-049 and  HEB-20-053 instead, have higher number of seeds than the 
cultivar Barke (see Table S4 in the Appendix). but the seeds, number of their 
2H PCH positive progenies is decreased, except for  HEB-19-049_2H/3H. The 
seeds’ weight, strongly dependant by the number of seeds, shows the same 
going of the main seed trait, where the lines with more seeds weight more than 
those with less seeds (see Table S4 in the Appendix). Also the width of seeds 
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seems to be affected (p-value 0.01) among the 2H PCH positive and 2H PCH 
negative HEB progenies. Especially, HEB-23-116, HEB-15-052 and HEB-02-
067 show significant thinner seeds compared with the rounded grains of Barke 
(see Table S4 in the Appendix). but their progenies in several cases show to 
have wider seeds. Overall, however, the 2H PCH positive HEB lines result 
thinner than all the 2H PCH negative ones. From the statistical analysis (p-value 
< 0.05), a slight difference is observed also for W_L, where in most cases the 
original HEB lines have a smaller W_L compared with Barke, except for  HEB-
06-138 and HEB-19-049, which are similar to the cultivar. In almost all cases 
the 2H PCH positive progenies have a higher W_L than the original HEB line, 
but lower than Barke (see Table S4 in the Appendix). 
Table 19. Average YLD-related traits’ scoring of Barke, original HEB lines, 





TGW(g) Area Width Length W_L 
Barke  128.69 7.9 61.38 27.8 4.1 9.06 0.45 
HEB 
original 
lines 130.4 7.32 55.96 28.5 3.9 9.94 0.40 
control 
lines 127 7.5 58.80 28.4 4.02 9.58 0.42 
HEB 
candidate 
progenies 114.14 6.5 56.4 28.97 3.89 9.97 0.39 
p-value 0.01(**) 0.01(**) 0.20 0.24 0.01(**) 0.18 >0.05(*) 
GPE = grain per ear; TGW= thousand grain weight; W_L= width/length.  Asterisks mean 
significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) 
between the lines still carrying the PCH substitution and those that not. 
 
 
Figure 50. Comparison of 
GPE among the HEB 
progenies with the 2H 
PCH (X2H PCH positive) 
and those that lost it 
(X2H PCH negative). The 
seeds’ number ranged from 
80 to 143 for the negative 
progenies, and from 61 to 
142 for the 2H PCH positive 
progenies, showing that 
there were some of the 
positive lines having less 
than 80 seeds, whereas the 
lines with not the wild 







Figure 51. Comparison of 
seeds’ weight among the 
HEB progenies with the 2H 
PCH (X2H PCH positive) 
and those that lost it (X2H 
PCH negative). The seeds’ 
weight of the negative 
progenies ranged from 4.19 
to 10.47 g, whereas the 
positive progenies were from 
2.77 to 8.4 g, so, overall, the 
seeds of the progenies that 
lost the PCH substitution 
weighted more than those of 
the positive lines, therefore 
showing characteristics 






Figure 52. Comparison of 
seeds’ width among the 
HEB progenies with the 2H 
PCH (X2H PCH positive) 
and those that lost it (X2H 
PCH negative). The negative 
lines showed a seeds’ width 
from 3.7 to 4.2 mm, whereas 
the seeds of the positive 
progenies were more narrow 
for some lines, ranging from 
3.4 to 4.2 mm. 
 
 
Figure 53. Comparison of 
W_L among the HEB 
progenies with the 2H PCH 
(X2H PCH positive) and 
those that lost it (X2H PCH 
negative). The progenies 
without the wild substitution 
ranged from 0,33 to 0,48 for 
W_L, and the positive 





4.1.8.3 PCH substitution in chromosome 3 
The HEB progenies showing the PCH in 3H are shown in Table 20, below 
(Figures 16, 17; see also Figures S14, S15 and S16, Appendix).  
Table 20. HEB original lines and progeny lines showing the wild 
substitution in the PCH on 3H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  




  control-II_13-111 
  control-III_13-111 
  control-I_13-111 




  control-I_14-060 
  control-IV_14-060 
  control-II_14-060 




  control-V_17-041 
  control-II_17-041 
  control-IV_17-041 
  control-VI_17-041 








  control-IV_19-058 
  control-I_19-058 
  control-V_19-058 








4.1.8.3.1 Heading date (HEA) 
Statistical analysis showed no significant difference (p value =0.58 from t test 
analysis) for heading date between  the HEB progenies still carrying the PCH 
substitution in 3H and those that lost it (Table 21, Figure 54). All the original 
HEB lines flowered circa at the same time of the cultivar Barke, except HEB-13-
111 and HEB-19-058, which flowered three days and four days later than 
Barke, respectively (see Table S5 in the Appendix).  No other significant 
differences among the progenies lines were observed for heading date (Table 21). 
 
Figure 54. Comparison of 
flowering time between the 
HEB progenies with the 3H 
PCH (X3H positive) and 
those that lost it 
(X3H_negative).  Both the 
negative and the positive 
progenies ranged from 73 to 
80 days for heading date, 
showing no differences.  
 
4.1.8.3.2 Plant Height (HEI) 
Statistical analysis (Figure 55) confirmed a significant difference (p-value < 
0.05) in height between the HEB progenies with the 3H PCH substitution and 
those without it. In all cases, the original HEB lines resulted significantly taller 
than Barke, except for HEB-19-049, that was similar to Barke in height. HEB-
13-111 and HEB-14-060 in particular, show the biggest differences in HEI if 
compared with the cultivar Barke (see Table S5 in the Appendix). However, not 
in all cases the HEB progenies carrying the 3H PCH substitution showed an 
increase in HEI. For example, both HEB-13-111_3H and HEB-13-111_3H/6H 
did not inherit the outstanding height of the original line HEB-13-111 (see Table 
S5 in the Appendix). But, whereas HEB-13-111_3H still results taller than 
Barke, HEB-13-111_3H/6H shows the same height of the elite cultivar. A 
similar case is for HEB-14-060 (see Table S5 in the Appendix); HEB-14-
060_3H’s HEI is similar to Barke despite the wild region in 3H, whereas HEB-
14-060_3H/4H inherited the increased height from the original HEB line (see 
Table S5 in the Appendix).  Interestingly, the opposite situation happened for 
HEB-19-049; it shows similar height with Barke, however both HEB-19-049_3H 






Table 21. Average values for HEI, ear length and HEA scoring of Barke, 









Barke  74.4 83.8 9.3 76.8 
HEB original lines 74.2 83.2 9.0 76.8 
control lines 78.7 88.3 9.6 76.9 
HEB candidate 
progenies 84.3 93.6 9.33 77.3 
p-value 0.027(*) 0.035(*)   0.6 
HEI= plant height, HEA= heading date. Asterisks mean significant differences ( * = P-
value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) between the lines still 





Figure 55. Comparison of 
height to collar (A) and to 
ear (B) between the HEB 
progenies with the 3H 
PCH (X3H PCH positive) 
and those that lost it 
(X3H PCH negative). The 
positive lines for the wild 
3H substitution were 
overall taller than the 
negative lines, ranging 
from A) 71 to 115 cm and 
63 to 96, respectively, for 






B) from 81 to 126 cm and 
from 72 to 106 mm for the 








4.1.8.3.3 Yield (YLD)  
The only effects observed in yield-related traits involve GPE (Figure 56) and 
weight (p-value >0.05) (Figure 57, Table 22). In all cases except for HEB-17-
041, the original HEB lines have increased number of seeds compared to Barke. 
Overall, also the 3H PCH positive progenies show an increase in seeds’ number 
(Table 22), even in the case of HEB-17-041, where HEB-17-041_3H/5H and 
HEB-17-041_3H show to have much more seeds than Barke despite the low 
seed number of the original line. The 3H PCH negative progenies show a wider 
range of differences in seeds’ number (Figure 56), with several cases in which 
the progenies are more similar to Barke, and several others where they show an 
increased seeds’ number like the original line. A similar situation can be 
observed for seeds’ weight (Figure 58). 
Table 22. Average YLD-related traits’ scoring of Barke, original HEB lines, 







Area Width Length W_L 
Barke  128.7 7.94 61.4 27.77 4.1 9.06 0.45 
HEB original 
lines 123.6 6.97 56.3 27.36 3.94 9.34 0.42 
control lines 128.6 7.33 56.81 27.32 3.95 9.2 0.4 
HEB 
candidate 
progenies 136.8 8.08 58.91 27.35 3.95 9.24 0.43 
p-value 0.02(*) 0.03(*) 0.25 0.99 0.94 0.94 1.00 
GPE= gran per ear; TGW= thousand grain weight; W_L= width/length. Asterisks mean 
significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) 






Figure 56. Comparison of 
GPE among the HEB 
progenies with the 3H 
PCH (X3H PCH positive) 
and those that lost it 
(X3H PCH negative). 
Overall, the negative lines 
yielded less than the 
positive lines, ranging from 
99 to 169 and from 114 to 






Figure 57. Comparison of 
seeds’ weight among the 
HEB progenies with the 
3H PCH (X3H PCH 
positive) and those that 
lost it (X3H PCH 
negative). The seeds’ 
weight of the negative lines 
was from 4,9 to 9,71 g, 
whereas for the positive 
progenies it ranged from 






4.1.8.4 PCH substitution in chromosome 4 
The HEB progenies showing the PCH in 4H are shown in Table 23, below (see 
Figure 17 and Figures S8, S9, S10, S13, S17, S18 and S19, Appendix).  
Table 23. HEB original lines and progeny lines showing the wild 
substitution in the PCH on 4H, and those that have lost it. 
Original HEB line 
HEB progeny lines  HEB progeny lines  










  control-II_13-124 
  control-VI_13-124 
  control-III_13-124 
  control-IV_13-124 




  control-I_14-060 
  control-IV_14-060 
  control-II_14-060 





  control-IV_15-040 
  control-III_15-040 





Original HEB line 
HEB progeny lines  HEB progeny lines  




  control-I_16-144 




  control-V_20-053 
  control-I_20-053 
  control-II_20-053 
  control-IV_20-053 




  control-III_23-116 
  control-I_23-116 






4.1.8.4.1 Heading date (HEA) 
No significant differences were observed for HEA among Barke and the original 
lines, as well as among the 4H PCH positive progenies and the 4H PCH negative 
ones (Table 24).  
4.1.8.4.2 Plant height (HEI) 
There were not significant differences in HEI among Barke, the original lines, 
and the 4H PCH positive and negative progenies, confirmed by t test statiscal 




Table 24. Average values for HEI, ear length and HEA scoring of Barke, original 









Barke  74.45 83.78 9.34 76.77 
HEB original lines 73.3 82.5 9.17 75.5 
control lines 75 84.58 9.58 77.63 
HEB candidate 
progenies 77.52 86.78 9.26 78.30 
p-value 0.15 0.22   0.26 
HEI= plant height, HEA= heading date. Asterisks mean significant differences ( * = P-
value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) between the lines still 
carrying the PCH substitution and those that not.     
4.1.8.4.3 Yield (YLD) 
Significant differences (p value > 0.01) can be observed for TGW (Figure 58), 
width (Figure 59) and W_L (Figure 60) as well as, with minor effect (p value >= 
0.05), for the number of seeds (Figure 61), seeds’ weight (Figure 62) and length 
(Figure 63) (Table 25).  
TGW: 
In all cases except for HEB-13-124, which looks to have TGW similar to Barke, 
the original HEB lines show a reduced TGW compared with the cultivar, 
especially HEB-15-040, HEB-16-144 and HEB-23-116 (see Table S8 in the 
Appendix). In most cases also the 4H PCH positive progenies show a decreased 
TGW, except HEB-23-116_2H/4H and HEB-23-116_4H that are similar to 
Barke although the low TGW of the original HEB line (see Table S8 in the 
Appendix). Most of the 4H PCH negative progenies instead, show an increased 
TGW similar to Barke, and only few cases inherited the trait from the original 
line.  
Width, length and W_L: 
Generally the original HEB lines are thinner than Barke, except for HEB-13-
124, HEB-20-053 and HEB-24-064, which have the width of seeds as Barke’s. 
Most of the 4H PCH positive progenies have a decreased width, excluding HEB-
12-038_4H, HEB-12-038_1H/4H, HEB-15-040_4H_1, HEB-15-040_4H_2 and 
HEB-15-040_4H_3 (see Table S8 in the Appendix). The most part of the 4H PCH 
negative progenies on the other hand, show a thickness more similar to the 
cultivar Barke. In all cases, the seeds’ length of the HEB original lines is higher 
than that of Barke (Table 24). Most of the 4H PCH positive progenies have longer 
seeds than Barke, except HEB-14-060_3H/4H, HEB-24-064_4H_2 and HEB-
24-064_4H_3, where the difference is particularly evident (see Table S8 in the 
Appendix). In all cases, the trait W_L of the original HEB lines is lower than 
135 
 
Barke, and so for most of the 4H PCH positive progenies. The 4H PCH negative 
progenies show to be more various, since several of them are more similar to 
Barke and several others are thinner as the original HEB line (see Table S8 in 
the Appendix).  
GPE and weight: 
HEB-15-040, HEB-16-144 and HEB-23-116 have a decreased seeds’ number 
compared with Barke. In all the other cases, the original HEB lines show a 
higher yield than the cultivar, especially HEB-12-038 and HEB-24-064 (see 
Table S8 in the Appendix).  The 4H PCH positive progenies, however, do not 
have have an homogenous trend, since some of them show a decreased seeds’ 
number if compared with Barke, and some others a higher yield. A similar 
situation can be described for the 4H PCH negative progenies. On average, the 
4H positives have slightly less yield and, consequently, lower weight than the 
negative progenies (see Table S8 in the Appendix). 
Table 25. Average YLD-related traits’ scoring of Barke, original HEB lines, 





TGW(g) Area Width Length W_L 
Barke  
128.6
9 7.94 61.38 27.77 4.1 9.06 0.45 
HEB 
original 
lines 132 8.19 61.99 28.12 4.07 9.62 0.43 
control 





s 125.1 6.91 54.84 29.15 3.90 10.34 0.38 







GPE= gran per ear; TGW= thousand grain weight; W_L= width/length; Main seeds= 
number of seeds.  Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-
value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Figure 58. Comparison of 
TGW among the HEB 
progenies with the 4H 
PCH (X4H PCH positive) 
and those that lost it (X4H 
PCH negative). TGW trait 
ranged from 48,86 to 72,16 
g for the negative lines, and 
from 45,78 to 63,6 g for the 




Figure 59. Comparison of 
seeds’ width among the 
HEB progenies with the 
4H PCH (X4H PCH 
positive) and those that 
lost it (X4H PCH 
negative). The seeds’ width 
ranged from 3,8 to 4,4 mm 
and from 3,4 to 4,2 mm for 
the negative and the 
positive progenies, 




Figure 60. Comparison of 
W_L among the HEB 
progenies with the 4H 
PCH (X4H PCH positive) 
and those that lost it 
(X4H PCH negative). W_L 
trait ranged from 0,29 to 
0,49 for the lines that lost 
the wild PCH substitution, 
and from 0,31 to 0,47 for 









Figure 61. Comparison of 
GPE among the HEB 
progenies with the 4H 
PCH (X4H PCH positive) 
and those that lost it 
(X4H PCH negative). The 
negative lines yielded, 
overall, more than the 
positive progenies, ranging 
75 to 169 and from 66 to 





Figure 62. Comparison of 
seeds’ weight among the 
HEB progenies with the 4H 
PCH (X4H PCH positive) and 
those that lost it (X4H PCH 
negative). The seeds’ weight 
was bigger for the negatives 
lines (from 4,11 to 10,39 g), 
compared with that of the 
positive progenies (from 3,34 




Figure 63. Comparison of 
seeds’ length among the 
HEB progenies with the 
4H PCH (X4H PCH 
positive) and those that 
lost it (X4H PCH 
negative). The seeds of the 
negative lines were slightly 
longer that those of the 
positive progenies (from 8,6 
to 13,3 mm and from 8,5 to 






4.1.8.5 PCH substitution in chromosome 5 
The HEB progenies showing the PCH in 5H are shown in Table 26, below (see 
Figures S3, S6, S7 and S14, Appendix).  
Table 26. HEB original lines and progeny lines showing the wild 
substitution in the PCH on 5H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  




  control-I_05-157 
  control-IV_05-157 
  control-II_05-157 




  control-I_10-107 
  control-VI_10-107 
  control-IV_10-107 
  control-III_10-107 
  control-V_10-107 
HEB-11-028 
HEB-11-028_2H/5H HEB-11-028_2H_2 
  HEB-11-028_2H_1 
  control-II_11-028 
  control-V_11-028 
  control-III_11-028 
  control-IV_11-028 




  control-V_17-041 
  control-II_17-041 
  control-IV_17-041 
  control-VI_17-041 





Heading date (HEA)  
No significant differences (p-value > 0.05) in HEA were observed among Barke, 
the original lines and the 5H PCH positive and negative progenies (Table 27). 
4.1.8.5.2 Plant height (HEI) 
No significant differences (p-value > 0.05) in HEI were observed the 5H PCH 
positive progenies and the negative lines (Table 27). 
Table 27. Average values for HEI, ear length and HEA scoring of Barke, original 









Barke  74.45 83.78 9.34 76.8 
HEB original lines 78.6 88.2 9.6 79.8 
control lines 74.73 83.95 9.23 77.18 
HEB candidate 
progenies 76.5 86.18 9.64 76.18 
p-value 0.60 0.53   0.29 
HEI= plant height, HEA= heading date. Asterisks mean significant differences ( * = P-
value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) between the lines still 
carrying the PCH substitution and those that not. 
4.1.8.5.3 Yield (YLD) 
The only significant difference (p-value < 0.05) observed for YLD-related traits is 
in GPE (Figure 64) and, more slightly (p-value= 0.08), in seeds’ weight (Figure 
65, Table 28). HEB-10-107 has an increased yield compared with Barke, 
whereas all the other HEB original lines present less seeds than the cultivar, 
especially HEB-11-028 (with only 61 seeds compared with the ~128 of Barke), 
and HEB-17-041 (see Table S10 in the Appendix). Their 5H PCH positive 
progenies, however, behave differently: HEB-11-028_2H/5H, despite the low 
yield number of the original line, shows a seeds’ number equal to Barke, and 
also HEB-17-041_5H and HEB-17-041_3H/5H present an increase in yield, 
especially the latter (see Table S10 in the Appendix). On the other hand, HEB-
10-107_5H/6H has a really scarce yield although the YLD increase of the 
original line. Overall, the 5H PCH negative progenies have an increased yield 
compared with the 5H PCH positive ones (Figure 64).In all cases the seeds’ 
weight of the original HEB lines is lighter than that of Barke, even in the case 
of increased yield for HEB-10-107, where the 137 seeds of this line weighted 
6.88 g against the 7.94 g of 128 Barke seeds (see Table S10 in the Appendix). 
On average, the 5H PCH negative progenies weight slightly more than the 5H 




Table 28. Average YLD-related traits’ scoring of Barke, original HEB lines, 







Area Width Length W_L 
Barke  128.69 7.94 61.4 27.8 4.1 9.06 0.45 
HEB original 
lines 144.4 8.45 58.4 28.92 4.06 9.86 0.414 
control lines 129.64 7.42 57.14 28.6 3.995 9.74 0.412 
HEB candidate 
progenies 119.7 6.8 56.5 28.28 3.95 9.79 0.41 
p-value >0.05(*) 0.08 0.58 0.61 0.19 0.88 0.84 
GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main seeds= 
number of seeds.  Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-
value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 
substitution and those that not. 
 
Figure 64. Comparison of 
GPE among the HEB 
progenies with the 5H 
PCH (X5H PCH positive) 
and those that lost it 
(X5H PCH negative). 
Overall, the negative lines 
yielded more than the 
positive progenies, from 
107 to 157 and from 61 to 





Figure 65. Comparison of 
seeds’ weight among the 
HEB progenies with the 
5H PCH (X5H PCH 
positive) and those that 
lost it (X5H PCH 
negative). The seeds’ 
weight of the negative lines 
were overall heavier than 
that of the positive 
progenies (from 4,92 to 
9,58 g and from 2,95 to 





4.1.8.6 PCH substitution in chromosome 6 
The HEB progenies showing the PCH in 6H are shown in Table 29, below (see 
Figure 16; see also Figures S2, S6, S11, S12, S20, Appendix).   
Table 29. HEB original lines and progeny lines showing the wild 
substitution in the PCH on 6H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  




  control-I_10-107 
  control-VI_10-107 
  control-IV_10-107 
  control-III_10-107 




  control-II_13-111 
  control-III_13-111 
  control-I_13-111 
  control-IV_13-111 
HEB-15-052 
HEB-15-052_2H/6H HEB-15-052_2H 
  control-I_15-052 
  control-II_15-052 
  control-V_15-052 
  control-III_15-052 




  control-VI_16-064 
  control-V_16-064 
  control-III_16-064 
  control-II_16-064 







HEB progeny lines  HEB progeny lines  




  control-III_02-067 
  control-IV_02-067 





  control-III_24-201 
  control-V_24-201 
  control-VI_24-201 
 
4.1.8.6.1 Heading date (HEA) 
There have not been observed significant effects on HEA among the 6H PCH 
positive progenies and the 6H PCH negative progenies, as the statistical analysis 
confirmed (p-value > 0.05, Table 30).  
4.1.8.6.2 Plant Height (HEI) 
A similar situation can be observed for HEI among the 6H PCH positive and 
negative progenies, with no significant differences confirmed by statistical 
analysis (p-value >0.05 for both HEI to collar and HEI to ear, Table 30). 
Table 30. Average values for HEI, ear length and HEA scoring of Barke, original 









Barke  74.45 83.78 9.34 76.77 
HEB original lines 73.4 82.8 9.4 76.2 
control lines 72.97 82 9.03 76.25 
HEB candidate 
progenies 75.94 85.1 9.17 76.06 
p-value 0.31 0.33   0.41 
HEI= plant height, HEA= heading date.  Asterisks mean significant differences ( * = P-
value <= 0.05; ** = P-value <= 0.01; *** = P-value <= 0.001) between the lines still 




4.1.8.6.3 Yield (YLD) 
Significant differences (p-value <= 0.05) for GPE (Figure 66), weight (Figure 67), 
TGW (Figure 68) and width (Figure 69) have been observed among Barke, the 
original HEB lines and the 6H PCH positive and negative progenies (Table 31).  
GPE and weight: 
In general, the HEB original lines show less yield than Barke (Table 31), 
especially   HEB-02-067 and HEB-15-052 (see Table S12 in the Appendix). The 
only two original lines showing more seeds than the cultivar are HEB-13-111 
and HEB-10-107. Also their 6H PCH positive progenies have augmented yield, 
except for HEB-10-107_5H/6H, with only 79 seeds (see Table S12 in the 
Appendix). In most of the other cases, the progenies still carrying the 
substitution have a decreased seeds’ number, so, overall, the 6H PCH positive 
lines gave less yield than the 6H PCH negative ones (Figure 66). On average, 
also the seeds’ weight of the positive progenies is decreased compared with the 
lines that lost the 6H PCH substitution (Figure 67). 
TGW: 
The TGW of the HEB original lines is reduced compared with Barke, except for 
HEB-13-111, which results 3 g more than Barke’s (see Table S12 in the 
Appendix).  In all cases, the 6H PCH positive lines have a lower TGW than Barke 
(Figure 68). Several 6H PCH negative progenies, on the other hand, have 
increased TGW, in some cases even more than Barke (see Table S12 in the 
Appendix).  
Width, length and W_L: 
No significant effects have been observed for seeds’ length and W_L, except for 
seeds’ width (p-value <0.05, Table 31). The seeds of the original lines result in 
all cases thinner than Barke, especially HEB-15-052 and HEB-02-067. The 6H 
PCH positive progenies show, on average, a decreased width as well (Figure 69), 
except for few cases (see Table S12 in the Appendix). Most of the 6H PCH 
negative progenies have wider seeds than the positive lines, resulting on average 
more similar to Barke than the original line, except the progenies from HEB-16-
064, where most of the 6H PCH negative lines show a reduced width, if 




Table 31. Average YLD-related traits’ scoring of Barke, original HEB lines, 





TGW(g) Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
HEB original 
lines 126 7.04 55.86 28.04 3.92 9.54 0.41 
control lines 125.8 7.39 58.4 28.9 4 9.89 0.41 
HEB candidate 
progenies 114.59 6.35 54.7 28.73 3.9 10.13 0.39 
p-value 0.05(*) >0.05(*) >0.05(*) 0.92 >0.05(*) 0.32 0.13 
GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main seeds= 
number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-
value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 
substitution and those that not. 
 
Figure 66. Comparison of 
GPE among the HEB 
progenies with the 6H 
PCH (X6H PCH positive) 
and those that lost it 
(X6H PCH negative). The 
negative lines yielded from 
74 to 158 number of seeds, 
that was on average more 
than the yield of the 
positive lines, hat ranged 





Figure 67. Comparison of 
seeds’ weight among the 
HEB progenies with the 
6H PCH (X6H PCH 
positive) and those that 
lost it (X6H PCH 
negative). The seeds of the 
negative lines weighted 
more than those of the 
positive lines, ranging 
from 3,99 to 10,47 g and 







Figure 68. Comparison of 
TGW among the HEB 
progenies with the 6H 
PCH (X6H PCH positive) 
and those that lost it 
(X6H PCH negative). 
Overall, the negative lines 
showed higher TGW (from 
49,8 to 67,54) compared 
with the positive lines (from 




Figure 69. Comparison 
of seeds’ width among 
the HEB progenies with 
the 6H PCH (X6H PCH 
positive) and those that 
lost it (X6H PCH 
negative). The seeds’ 
width of the negative lines 
ranged from 3,7 to 4,2 mm 
compared to that of the 
positive lines, that was 
from 3,5 to 4,2 mm. Some 
of the positive progenies, 
therefore, showed reduced 
width, more similar to the 







4.1.8.7 PCH substitution in chromosome 7 
The HEB progeny lines of interest for the 7H PCH substitution are shown in 
Table 32 (see Figures S1, S3, S4, S5, S9, S13 and S16, Appendix).   
Table 32. HEB original lines and progeny lines showing the wild 
substitution in the PCH on 7H, and those that have lost it. 
Original HEB 
line 
HEB progeny lines  HEB progeny lines  





  control-VI_02-017 
  control-V_02-017 




  control-I_05-157 
  control-IV_05-157 
  control-II_05-157 




  control-I_06-138 





  control-IV_09-167 
  control-VII_09-167 
  control-V_09-167 













HEB progeny lines  HEB progeny lines  




  control-II_13-124 
  control-VI_13-124 
  control-III_13-124 
  control-IV_13-124 




  control-I_16-144 




  control-I_19-058 
  control-V_19-058 
  control-III_19-058 
  control-II_19-058 
 
4.1.8.7.1 Heading date (HEA) 
There were not observed significant differences among Barke, original HEB lines 
and progenies still carrying the 7H PCH substitution and those that are not, as 
statistical analysis confirm (p value of t test equal to 0.8) (Table 33, Figure 70). 
 
Figure 70. Comparison of 
flowering time between 
the HEB progenies with 
the 3H PCH (X7H PCH 
positive) and those that 
lost it (X7H PCH 
negative). The range of 
days until heading date is 
the same for both 7H PCH 
positive and negative 







4.1.8.7.2 Plant Height (HEI) 
A slight difference in HEI was observed among X7H PCH negative and X7H PCH 
positive lines (Figure 71), confirmed by the t test analysis (p value = 0.13 and 
0.09 for height to collar and height to ear, respectively, Table 33). HEB-05-157 
shows the biggest increase in HEI compared to Barke (see Table S13 in the 
Appendix) followed by HEB-13-124, HEB-16-144 and HEB-09-167. None of the 
HEB-05-157 progenies still carrying the 7H PCH substitution inherited the 
marked height of the original line, although HEB-05-157_7H is slightly taller 
than Barke, whereas HEB-05-157_5H/7H is even shorter than the cultivar. For 
HEB-09-167, only HEB-09-167_7H_2 is significantly taller than Barke, and so 
HEB-13-124_7H and HEB-16-144_7H for HEB-13-124 and HEB-16-144, 
respectively (see Table S13 in the Appendix) HEB-02-017 only shows a 
decreased height compared to Barke, but not the progenies HEB-02-017_7H_2 
and HEB-02-017_7H_3, that are similar to Barke’s height, and HEB-02-
017_7H_1 that is significantly taller. overall, most of the other progenies with 
not the 7H PCH substitution look more similar to Barke, although there are 
several cases in which the height is increased, so probably the 7H PCH 




Figure 71. Comparison of 
height to collar (A) and 
height to ear (B) between 
the HEB progenies with 
the 7H PCH (X7H PCH 
positive) and those that 
lost it (X7H PCH 
negative). A) The range in 
height to collar for the X7H 
PCH negative is from 66 to 
82 cm, whereas for X7H 
PCH positive varies between 







B) For height to ear, the 
height for the X7H PCH 
negative is from 76 to 92 
cm, and the X7H PCH 
positive progenies vary from 
74 to 94 cm (excluding one 







Table 33. Average values for HEI, ear length and HEA scoring of Barke, original 
HEB lines, HEB candidate and control progeny lines for the 7H PCH.  
 
HEI= plant height, HEA= heading date.  
4.1.8.7.3 Yield (YLD): 
No substantial effects in GPE, weight, TGW and width were observed. On the 
opposite, significant differences ( p-value >0.01, Table 34) were seen for seeds’ 
area (Figure 72), seeds’ length (Figure 73) and W_L (Figure 74).  
Seeds’ area: 
Overall, the seeds’ area of the 7H PCH positive progenies is bigger than that of 
the negative progenies (Figure 72). Especially, the HEB original lines HEB-02-
017, HEB-16-144 and HEB-09-167 show a significant increase in seeds’ area if 
compared to Barke (Table 34). HEB-05-157, on the other hand, has smaller 
area than Barke (26 and 27.77, respectively). 
Seeds’ width, length and W_L: 
As Figure 73 illustrates, the seeds of the 7H PCH positive lines result generally 
longer than those of the 7H PCH negative lines. For these latter, variety in length 
is more various, with several progenies showing a seeds’ length smaller or 
similar to Barke, and others longer (see Table S14 in the Appendix). 
Consequently to the higher length, in all cases, the W_L of the original HEB lines 
and the 7H PCH positive lines is lower than that of Barke (Figure 74), except 
for HEB-13-124_7H. The width of the seeds did not seem to be affected by the 













Barke  74.4 83.8 9.3 76.8 
HEB original lines 74.4 83.2 8.8 77.4 
control lines 74.8 84.43 9.6 76.4 
HEB candidate 
progenies 76.78 86.26 9.5 76.7 
p-value 0.10 0.13   0.88 
150 
 
Table 34. Average YLD-related traits’ scoring of Barke, original HEB lines, 







Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
HEB 
original 
lines 135.2 8.262 61.16 27.14 4.08 8.9 0.46 
control 
lines 132.14 8.01 60.40 27.9 4.05 9.23 0.44 
HEB 
candidate 
progenies 130.8 7.80 59.12 29.00 4.02 9.8 0.41 







GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main seeds= 
number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-
value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Figure 72. Comparison of 
seeds’ area among the 
HEB progenies with the 
7H PCH (X7H PCH 
positive) and those that 
lost it (X7H PCH 
negative). The seeds of the 
positive lines showed, 
overall, a bigger area (from 
26 to 33 mm2) than the 
negative lines (from 25,6 to 







Figure 73. Comparison of 
seeds’ length among the 
HEB progenies with the 
7H PCH (X7H PCH 
positive) and those that 
lost it (X7H PCH 
negative). Overall, the 
seeds of the positive lines 
were longer (from 8,7 to 
11,8 mm) than those of the 
negative progenies (from 
8,4 to 10,3 mm) indicating 






Figure 74. Comparison of 
W_L among the HEB 
progenies with the 7H 
PCH (X7H PCH positive) 
and those that lost it 
(X7H PCH negative). The 
W_L trait of the negative 
progenies ranged from 
0,38 to 0,48, whereas for 
the positive progenies the 







4.2 Discussions  
4.2.1 Overview 
Several crop genomes have inflated sizes due to the proliferation of transposable 
element (TE) insertions (Paterson et al., 2009; Schnable et al., 2009; IBGSC, 
2012). TEs are more frequent in the regions around the centromeres, which 
leads to PCH region’s inflation (Baker et al., 2014). Recombination events are 
reduced around the TEs, so in the PCH region are strongly suppressed 
(Schnable et al., 2009; Schmutz et al., 2010; IBGSC, 2012; Higgins et al., 2012). 
The low-recombining (LR) PCH regions comprise at least 48% of the sequenced 
barley genome, in an environment where recombination is suppressed 20-fold 
compared with the average rate. This makes the genes in the low-recombining 
PCH region inaccessible to breeders, who need to re-assort alleles for crop 
improvement (Baker et al., 2014). From here we developed the hypothesis to 
replace the cultivated barley PCH regions of the HEB-25 lines with exotic 
segments from the wild parents so to dramatically increase the biodiversity and 
accessibility of favourable alleles in breeding strategies. From the 27 HEB-25 
lines selected, we developed 1521 BC2S2 PCH progenies, through a cleaning-up 
method involving one round of backcross and two rounds of self-crosses, to 
decrease as much as possible the noise of wild alleles along the euchromatic 
arms of barley chromosomes; in this way we wanted to unmask the positive 
effects that beneficial genes sited in the PCH regions may carry for flowering 
time and yield improvement, and that in the whole HEB-25 population couldn’t 
be observed due to still the presence of epistatic effects and beneficial alleles’ 
masking since  wild genome linkage drag. 
4.2.2 Backcross and self-cross cleaning up strategy  
Backcrossing is a traditional method largely used to utilize the wild allelic 
variation, introgressing traits of interest like resistances, or to restore genes 
from the wild unadapted germplasms to crop species, into breeding programs 
(Haussmann et al., 2004).  Backcrossing strategy is usually flanked by QTL 
analysis in the BC2 or BC3 generations, which have a decreased frequency of 
deleterious donor alleles (Fulton et al., 2000; Poncet et al., 2000; Matus et al., 
2003; Von Korff et al., 2004; Pillen et al., 2003). Backcross (BC) populations 
have a genetic background much more uniform than the original lines since 
they are less subjected to the genetic noise generated by co-segregating non 
target traits (Peleman & van der Voort, 2003, Lafitte et al., 2006). This is a useful 
advantage to identify more easily the location and the effect of wild genes 
confined in much smaller wild regions.  Backcrossing is known to reduce of 
circa 50% the contribution of wild donors in the offspring genome. I chose 
therefore the backcross method in my cleaning up step to remove the 
contaminating exotic genetic material in the euchromatic arms of the selected 
HEB-25 lines and keep the wild segments covering only the PCH regions.  
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Several previous studies used backcrossing to generate introgression lines with 
the desired characteristics; Ali et al., (2006), for example, developed new 
varieties of rice through a large backcross (BC) breeding, using three elite lines 
of rice and 203 different donors.  The Ali’s BC rice progeny represent a huge 
part of genetic diversity in the primary rice gene pool and  showed to have an 
excellent tolerance to salinity and zinc deficiency. Ali’s group proved that in rice 
exist a tremendous amount of unexploited diversity  for biotic and abiotic 
stresses in the rice donors and that BC is an effective way to exploit this 
biodiversity to improve tolerance and robustness in cultivated crops. Another 
study on rice (Lafitte et al., 2006), developed 325 BC2F2 introgression lines 
through backcrossing, resistant to drought stress. Lafitte’s group demonstrated 
that backcrossing, combined with direct yield selection under drought stress, 
could be an effective strategy to improve drought tolerance in rice crop. Abbott 
et al. (1991), generated 84 BC barley progenies from the elite barley Clipper with 
a range of different H. spontaneum accessions from Israel, to improve barley 
resistance to Scald disease. This disease lowers yield quantity and quality 
(Abbott et al., 1991). The BC lines generated by Abbott’ team shared 90% of 
their genes with the cultivar parent Clipper, and the grain yield of the BC lines 
that resulted resistant was 25% higher than that of susceptible lines. 
Once the backcross progenies were confirmed, the strategy involved subjecting 
the HEB progeny lines to two rounds of self-crossing to render the remaining 
wild germplasm homozygous and segregate these regions into multiple progeny. 
We were able to check and select the PCH progenies from backcrosses through 
molecular marker genotyping that allowed us to understand, among all the 
offspring collected, which ones had been generated from backcross and which 
ones from self-crosses. The confirmed backcross progenies were then subject to 
two rounds of self-crosses. After this step, we needed to genotype again the PCH 
progenies to select only those that after self-crossing lost the highest number of 
wild segments but still conserving the PCH regions of interest, for field trials and 
phenotypic analysis. In both cases we used Kompetitive Allele Specific PCR 
(KASP) markers genotyping, based on the 9k iSelect Illumina SNPs used 
previously to map the HEB-25 population. This choice facilitated markers’ 
design, since we already had the SNP sequences of interest to convert in KASP, 
mapping the wild segments that we needed to check if still present of not.  KASP 
markers assay uses a high flexible homogeneous fluorescent genotyping system 
(He et al., 2014) and have become one of the techniques largely associated with 
SNP genotyping platforms, like the 9k iSelect Illumina assay for wheat and 
barley, to allow the routine selection of favourable alleles in breeding 
populations, once SNPs have been detected (Miedaner & Korzun, 2012). 
International Maize and Wheat Improvement Center routinely uses KASP, 
generating million data points annually for crop improvement (Semagn et al., 
2014). An assay capability can be uniplex or multiplex, based on the number of 
markers generated per run. To genotype our PCH progenies, we have chosen 
KASP that is a uniplex assay, because we required a modest number of 
SNPs/markers for a moderately large number of samples. Multiplex technology, 
on the other hand, is suitable to run several hundred to over one million SNPs 
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at one time, so also the costs are much higher as well as the time for initial 
assay development (Semagn et al., 2014). Therefore, they are not suitable for 
applications requiring small to moderate numbers of SNPs (Neelam et al. 2013, 
Semagn et al., 2014), making uniplex SNP genotyping platforms such us KASP 
much better for saving costs and time. Previous studies confirmed the 
effectiveness of KASP markers (Lister et al., 2013, Semagn et al., 2014, 
Shavrukov, 2016)., and they have been successfully used for SNP analysis of 
pigeonpea (Saxena et al., 2012), peanut (Khera et al., 2013) barley (Lister et al., 
2013) and soybean (Yuan et al., 2014). In their study, Lister’s group (Lister et 
al., 2013) assessed the utility of KASP assay genotyping the flowering time 
barley gene Ppd-H1 in ancient DNA (aDNA) samples. They found KASP 
technology out-performing the traditional Sanger sequencing in the genotyping 
of aDNA (78% versus 61% success, respectively), as well as being more robust 
to contamination (Lister et al., 2013). Also our results from KASP assays, done 
by LGC Genomics Company, succeeded to give us ca. 90% (12 of the original 96 
SNP markers failed the assay) of the information we needed about segregation 
of the PCH substitutions and the undesired wild segments, so we could select 
the most promising PCH progenies for field and phenotypic analysis.  
4.2.3 Phenotypic analysis of PCH progenies 
In this study we measured plant height, flowering time and yield-related traits. 
Flowering time is strongly affected by environmental factors such as day length 
(photoperiod) and prolonged exposure to cold (vernalization). As for grain traits 
discussed above, however, still little is known about the genetic architecture of 
flowering genes in cereals (Cockram et al., 2007, Distelfeld et al., 2009, Maurer 
et al., 2015). Previous studies (Ellis et al., 2000, Cockram et al., 2011, Nevo et 
al., 2012) reported that wild barley accessions hold several beneficial alleles 
controlling flowering time (Maurer et al., 2015), also confirmed in our 
phenotypic study of the whole HEB-25 population.  
The most interesting PCH substitutions were on 2H and 3H, where we 
hypothesise two candidate genes; HvCEN on 2H, since it has been already 
confirmed in the association analysis of the HEB-25 NAM population discussed 
above and in (Sharma et al., 2018), with HvCEN sited on the QTL hotspot 2_1,  
and uzu gene on 3H.  
4.2.3.1 Wild candidate genes in the 2H PCH region 
In my study, I observed a significant effect (p-value < 0.05, see Table 17) on 
heading date in the 2H PCH positive lines; on average, they flowered 1.5 days 
before the 2H PCH negative lines. The strongest candidate gene controlling 
flowering time sited in the PCH region on 2H is HvCEN ((Comadran et al., 2012, 
Maurer et al., 2015, Sharma et al., 2018). HvCEN, together with Ppd-H1 and 
Vrn-H3, are the flowering time genes with the major effect on heading date in 
barley. Their genetic and physical position are shown in Table 35, together with 
all the other genes controlling heading date in barley. Ppd-H1 may be usually 
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considered, but almost all of my progenies have lost the wild Ppd-H1 alleles. The 
only ones that carry the Hsp alleles of both Ppd-H1 and HvCEN are HEB-19-
049_2H (heterozygosity for Ppd-H1 allele), HEB-19-049_2H/3H and HEB-19-
049_3H (see Figure S15, Appendix), as well as HEB-23-116_2H/4H, and 
control-II_23-116, however they did not show any significant effect that could 
be attributed to Ppd-H1 individually, compared with all the other progenies 
carrying only HvCEN wild gene.  This could be explained by the fact that all the 
progenies just mentioned have a wild region covering only part of the locus in 
which Ppd-H1 wild alleles can be sited (mapped by SCRI_RS_141655, see Table 
36) Maurer et al. (2015) observed epistatic effects in the HEB-25 population. I 
also observed significant effects (p-value < 0.05) on some yield-related traits 
(Table 18, section 3.1.8.2.3, Chapter 2) between the 2H PCH positive progenies 
and the negative ones, but this is not surprising since previous studies have 
already reported that HvCEN doesn’t influence only flowering time, but also has 
effects on yield and its component traits (Comadran et al. 2011, Sharma et al., 
2018). On average, the 2H PCH positive progenies have shown a reduced yield 
of ca. 13 seeds less than the negative progenies. Moreover the seed weight and 
width of the positive ones was overall ~0.9 g and ~0.12 mm less, respectively, 
than those of the negative HEB lines. These observations may suggest that, if 
the wild alleles of HvCEN are present, they accelerate flowering time and reduces 
yield, also giving to the seeds  typical exotic characteristics, namely a lighter 
and tighter shape.         
Table 36 shows the genetic and physical position of the 84 KASP markers used 
to genotype the PCH HEB progenies. The physical position was not available for 
all the markers, but only for those included in the list of the physical map 
already used by Maurer et al.  On chromosome 2H of the original line HEB-02-
067 (see Figure S2, Appendix), the homozygous wild segment covering the PCH 
region is mapped by the markers BOPA1_2580_10456 (53.3 cM), 
SCRI_RS_167882 (55.7, in the heterochromatic region), and BOPA1_7489_442 
(58.8 cM). A small heterozygous wild segment is mapped in the pericentromere 
at 73.7 cM by BOPA2_12_31293. BOPA1_2580_10456, SCRI_RS_167882 and 
BOPA1_7489_442 also map the wild PCH substitution of all the other 2H PCH 




Table 35. List of major candidate genes controlling flowering time located 




Range  Physical positions 




Ppd-H1 2H 23 16.8-23.8 29123785..29127889 







Vrn-H2* 4H - - - 




Vrn-H3  7H 34.3 25.9-34.3 39679905..39680971 
*this gene is absent in spring barley   
 
Table 36. Genetic and physical position of the 84 KASP markers used to 
genotype the PCH HEB-25 progenies. 





1H SCRI_RS_117492 27.12   
1H SCRI_RS_132461 43.5 39913293 
1H BOPA1_4020_643 48.2   
1H SCRI_RS_151874 48.51 347774796 
1H BOPA2_12_30110 48.9 374864764? 
1H SCRI_RS_145336 58.4 448694456 
1H SCRI_RS_181239 71.2 191719399? 
1H BOPA1_14371_423 94.6 516153706? 
1H BOPA1_9105_497 103.8   
1H BOPA1_13095_187 131.9   
2H SCRI_RS_225720 0 37521? 
2H SCRI_RS_141564 12.1   
2H SCRI_RS_141655 41.9 58528525 
2H BOPA1_2580_10456 53.3   
2H SCRI_RS_167882 55.7 179092526 
2H BOPA1_7489_442 58.8   
2H SCRI_RS_150266 66.7 621090749? 
2H BOPA2_12_31293 73.7 641328117 
2H SCRI_RS_237481 82.5 663678788 
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2H SCRI_RS_139831 107.15 702542026 
2H BOPA2_12_30636 114 712677252? 
2H SCRI_RS_134241 125.4   
2H SCRI_RS_73620 142.6 31465103? 
2H SCRI_RS_13386 149.4   
3H SCRI_RS_216164 0 1325058 
3H SCRI_RS_231261 37   
3H SCRI_RS_178915 46.2 68836755 
3H SCRI_RS_150800 51.35 327139056 
3H SCRI_RS_8664 51.8 424722068 
3H SCRI_RS_142939 57.4   
3H SCRI_RS_231031 59.6 526005629 
3H BOPA2_12_30677 68.2 564771340? 
3H BOPA1_3791_1525 87.4 601474414? 
3H SCRI_RS_153519 98.9   
3H SCRI_RS_221869 128.6 659508248 
3H SCRI_RS_157113  139.2 672925896 
3H BOPA1_7169_713 146.1   
3H SCRI_RS_236603 154.8 694324703 
4H SCRI_RS_170785 0.8 1140042 
4H BOPA2_12_30328 44.9 36217747? 
4H BOPA2_12_30684 51.9 460076446? 
4H SCRI_RS_170494 52.5 469807342 
4H SCRI_RS_168496 54.6   
4H SCRI_RS_225248 60.1 550511345 
4H BOPA2_12_31362 70.3   
4H SCRI_RS_125524 79.1 596523290 
4H SCRI_RS_172072  91.3   
4H SCRI_RS_196076 110.2 631486649 













5H SCRI_RS_179411 1   
5H SCRI_RS_133600 12   
5H SCRI_RS_220645 39.5   
5H SCRI_RS_98248 42 47175374 
5H SCRI_RS_8076 44   
5H SCRI_RS_173527 44.2 230193177 
5H BOPA2_12_30717 44.5   
5H SCRI_RS_75826 46.7   
5H BOPA1_5440_455 80.3 545101351? 
5H SCRI_RS_206982 115.28 585254045 
5H SCRI_RS_172379 139   
5H SCRI_RS_14527 144.7 631177874 
5H SCRI_RS_174123 167.7 663485981 
6H SCRI_RS_10770 1.4 5169774 
6H BOPA1_7185_370 8.6 7923837? 
6H SCRI_RS_138556 24.5 66333889? 
6H BOPA1_5448_298 44.1   
6H BOPA1_810_818 54.9   
6H SCRI_RS_146992 55.5   
6H SCRI_RS_170672 59.9 408534083 
6H SCRI_RS_206536 65.9 487815292 
6H BOPA2_12_30698 79.6 539553889? 
6H SCRI_RS_147455 105.3 565686035 
6H BOPA2_12_31198 113.24   
7H SCRI_RS_138496 0.21   
7H BOPA2_12_30894 34.2 176739518? 
7H SCRI_RS_157020 48.3   
7H SCRI_RS_139962 64.8 101579431 
7H SCRI_RS_169639 69.3 177699524 
7H BOPA2_12_30411 70.7 262018069? 
7H SCRI_RS_127143 71 414729073 
7H BOPA1_3743_1988 71.2 448912368? 
7H BOPA2_12_21208 106.4 614318211? 
7H BOPA2_12_31374 116.1 625633406? 





4.2.3.2 Wild candidate genes in the 3H PCH region 
The HEB progenies carrying the PCH substitution on chromosome 3H (Table 
20) showed significant differences (p-value < 0.05) in plant height (HEI) (Table 
21) and seeds’ number and weight (Table 22). Here the candidate gene we 
suggest is the uzu dwarf gene, known to be sited in the heterochromatin on 
chromosome 3H. The uzu varieties originate from Japan, China and Korea 
(Saisho et al., 2004, Jia et al., 2009). It was largely adopted because the elite 
alleles (Hv/Hv) of uzu gene makes barley plants really short, so they are suitable 
for high yield since lead to lodging resistance (Chono et al., 2003). However, On 
the other hand, the Hsp/Hsp uzu alleles have a different effect, increasing barley 
height, as I observed in my progenies carrying a wild segment covering the 
region where uzu alleles may be placed; on average, the 3H PCH positive 
progenies are 6.4 cm taller than the 3H PCH negative ones. The original HEB 
line HEB-13-111 carries wild alleles where of uzu and the other semidwarf 
barley gene sdw1/denso are known to be sited (Table 35), and, interestingly, is 
the highest plant among all the 3H PCH progenies (Table 21). The sdw1/denso 
gene is located on the long euchromatic arm of 3H (Jia et al., 2009). Barley 
plants carrying the Hv/Hv alleles at sdw1/denso locus show a reduced height. 
However, the Hsp/Hsp alleles at sdw1/denso locus not only increase barley 
height, but they can have significant effects also on a number of different 
agronomic traits, such us grain size and grain yield. In our study on phenotypic 
analysis of the whole HEB-25 population, the exotic alleles increased TGW but 
at the cost of reducing GPE and increasing height (Sharma et al., 2018). 
Therefore, the fact that HEB-13-111 is taller than the other lines probably 
means that the two loci had synergistic effects on plant height. The other 3H 
PCH lines showing the probability to have Hsp/Hsp alleles at sdw1/denso locus 
(but not at uzu locus) are the 3H PCH negative lines control-IV_13-111 and 
control-V_13-111. Not surprising, they show a significant increase in height 
although they do not seem to carry the Hsp/Hsp uzu alleles anymore, since 
sdw1/denso alone has been proved to have strong effect on barley height (Jia et 
al., 2009, Kuczyńska et al., 2013). The same can be said for control-II_13-111 
and control-III_13-111, which carry the Hv/Hsp allele, but still they are 
significantly taller than the elite barley Barke (Table 21). It must be said that, 
in the contest of the HEB lines, it is probably sdw1/denso gene to have the most 
significant effect on plant height, instead of uzu gene. In fact, most of the PCH 
3H positive lines that may carry the wild alleles at uzu locus, although they are 
on average taller than Barke and several 3H PCH negative progenies, show an  
increase in HEI less pronounced than the lines with sdw1/denso alleles, 
whereas few others do not even show any significant effect in plant height 
compared to Barke. Another good explanation, however, is that uzu effect has 
been buffered in several cases by other wild genes present in the genome due to 
epistatic interactions. Epistasis means that one gene’s effect is dependent of the 
presence of one or more other genes. This can affect the phenotypes, since the 
presence of some genes can mask the effect of other genes. As mentioned above, 
the 3H PCH lines show significant effects (p-value <0.05) also for seed’s number 
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and weight (Table 22). On average, the 3H PCH positive lines had ~9 seeds more 
than the negative progenies, and the seeds weighted ~0.8 g more than those of 
the 3H PCH negative lines. Again, this could be for the several epistatic 
interactions in HEB-25 already detected by Maurer et al. (2015), since there are 
not previous studies that report some beneficial effects of uzu Hsp/Hsp alleles 
on yield in barley. Therefore, there are probably functional gene networks that 
we still do not know and can be linked to some yield-related traits. Further 
investigations on these specific progenies are needed and can be of interest for 
breeders to identify the wild genes associated to yield increasing observed in 
this study.   
The original line HEB-13-111 has an extended region on chromosome 3 covered 
with a wild segment (Figures 42, 43), which start at 46.2 cM (68836755 
physical position) mapped by the KASP marker SCRI_RS_178915, and ends at 
154.8 cM (694324703 physical position) mapped by SCRI_RS_236603 (Table 
36). This region includes the 3H PCH region. Always from my genotyping, the 
original line HEB-14-060 (Figure 44) has a wild segment covering the PCH 
region on 3H, marked by SCRI_RS_178915 at 46.20 cM (68836755 physical 
position) and SCRI_RS_8664  at 51.80 cM (424722068 physical map). Also for 
HEB-17-041 HEB-19-049 and HEB-19-058 (Figure S14, Figure S15 and Figure 
S16, respectively, see Appendix), SCRI_RS_231261 and SCRI_RS_231031 map 
from 37.00 cM (~68836755) to 59.60 cM  (526005629), respectively (Table 36), 
on chromosome 3H of HEB-17-041. SCRI_RS_150800 and SCRI_RS_8664 are 
the KASP markers mapping the wild PCH segment on 3H of HEB-19-049, at 
51.35 cM (327139056) and  51.80 cM (424722068), respectively (Table 36).   
4.2.3.3 Other PCH wild substitutions  
Talking about the wild PCH substitutions in the remaining barley chromosomes, 
there are probably epistatic interactions among the wild genes linked to the 
observed phenotypic traits. The wild substitution on chromosome 4, for 
example, seems to carry genes with a strong effect on the yield-related traits 
(Table 25). Indeed on average, the 4H PCH negative progenies yielded ~3 no of 
seeds more than the positive progenies and weighted ~0.7 g more than the 
positive ones. Also all the other yield-related traits resulted increased in the 4H 
PCH negative lines than the 4H positives, except for seeds length that was ~0.07 
mm more in the 4H positive progenies (Table 25). So it is clear from this study 
that in the wild substitution covering the PCH on 4H there are some exotic genes 
linked to yield components that carry the typical characteristics of wild barley, 
such as the elongated shape of the seeds and reduced yield if compared with 
the elite barley lines. More trials in the future are needed to better identify these 
wild genes in the 4H heterochromatic region. A same situation was observed for 
the progenies carrying the 5H PCH substitution, that yielded on average 12,6 
less seeds than the negative progenies (Table 28). For chromosome 6H, in the 
wild PCH substitution there are probably  wild genes associated to area and 
length of seeds (Table 31), since the 6H PCH positive progenies look, on average, 
longer of ~0.62 mm and with an area 1.2 mm2 bigger than the seeds of negative 
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lines. The PCH wild substitution on chromosome 7H seems to have wild genes 
with an effect on various yield-related traits as well (Table 34), namely seed’s 
area, length and W_L (p-value < 0.001); the 7H PCH positive lines showed typical 
wild characteristics, namely a bigger area of 1.211 cm2 and ~0.7cm longer than 
the negative progenies. Although there are not significant differences between 
the positive and the negative progenies for the number of seeds, two 7H PCH 
positive lines, HEB-02-017_7H_1 and HEB-02-017_7H_3, showed the highest 
yield, which is significantly increased compared to Barke (172 and 188 seeds’ 
number, respectively, against ~128 of the elite cultivar), and to the original HEB 
line (152 seeds’ number). These positive effects on yield in these specific HEB 
lines could be due to the presence of beneficial wild alleles on 7H PCH region, 
not masked anymore by other wild genes, these latter probably removed during 
the cleaning up step. Further investigation on these two specific lines are 




5. Overall Conclusions, Discussion and 
Future work 
5.1 General conclusion and discussion of GWAS study 
In our study we focused on finding wild alleles controlling flowering time and 
yield-related traits defining the spatial dimensions of individual barley grains 
and the ear. Our interest was especially on grain yield, since it is usually the 
most important trait for breeders, but its genetics is difficult to understand, 
since it has a quantitative nature and complex inheritance that interacts with 
environment.We wanted to investigated the stability of these traits across 
different parameters, namely different geographical locations, growth years and 
N fertilizer levels. In conclusion, we demonstrate that the HEB-25 population is 
useful to explore the genetic basis of barley yield-related traits under different 
environments. However, we did not observe major differences between the 
different N level treatments, probably due to residual N availability in our 
experimental fields, fertilized in previous years, which reduced the contrast 
between the two N treatment levels. Alternatively, it may be also because the 
HEB lines carry a high content of wild-derived, unadapted genome that renders 
them unable to respond to high fertility European environments. We got a total 
of 1065 QTLs under varying environments and sites, but since several of them 
were overlapping, to simplify the complexity and be able to identify the most 
important genomic regions affecting the traits of interest, we split them into 
fourteen QTL-hotspots, each affecting simultaneously several yield-related 
traits. At least ten of them are located outside the PCH regions, so they are 
accessible for recombination-based breeding. Trasgessive segregants for all 
traits that surpass the trait value of the cultivar parent Barke were observed, so 
yield trait values can be enhanced by wild alleles in our population above an 
elite modern variety.  
5.1.1 Future work for GWAS study 
Co-segregation of QTL hotspots, therefore, involves several developmental genes 
which affect flowering time and spike morphology, as well as wild barley alleles 
increasing TGW, but reducing GPE and increasing plant height, with 
subsequent deleterious effects on grain yield. Therefore, balancing these 
negative and positive effects against each other for an overall yield improvement 
will be one of the main targets for future breeding purposes. Moreover, the wild-
derived regions that affect gran size are linked to family-specific modulation in 
this parameter, so they can be an entry point for future allele mining efforts. 
Currently, we are also analysing exome-captured SNP sequence data of the 
HEB-25 population, which will allow us to discern family-specific haplotype 




5.1.2 Preliminary data of exome capture next generation 
sequencing of the HEB-25 population 
We generated preliminary data of HEB-25 genotyping; the HEB lines were 
subjected to exome capture sequencing to obtain at least 500 000 gene tagged 
SNPs, so dramatically increase the number of recombination breakpoints 
detected in the genome of each HEB-25 line. We chose specifically exome 
capture strategy because, as mentioned in paragraph 1.9.2, Chapter 1, exome 
capture is an effective method that targets only exons in a genome, avoiding to 
sequence introns and repeated sequences; since the exons consist of circa 1% 
of the barley genome, this means that we needed 100-fold less sequencing the 
HEB-25 population. Therefore, exome capture strategy gave us detailed 
information of variants in coding regions of the genome of NAM population in a 
more cost-effective manner and with deep coverage.  
The first step involved DNA extraction and quantification of the whole HEB-25 
population (see section 2.2.2, Chapter 2), to generate a NGS library of the HEB-
25 lines for exome capture sequencing. In the first attempt of DNA library 
construction, we used a protocol already utilised by Rohland & Reich (2012), 
but only one third of the NAM population was converted in DNA library. The 
complete HEB DNA library was generated in late June 2016, through the second 
protocol adopted, which is the KAPA library kit (see section 2.2.4, Chapter 2). 
Whereas in ‘Rohland & Reich’ protocol the DNA size selection was one of the 
first steps (see section 2.2.4, Chapter 2), the KAPA strategy involved the size 
selection only at the end of the process, just before PCR amplification; this 
probably allowed a best preservation of all the DNA segments of interest, that 
have not been partially lost through the cleaning up steps as it probably 
happened in the first NGS library method. The final library hold 62 library pools 
made by Dr Rajiv Sharma, subsequently sent to the Liverpool Genomics Centre 
in Liverpool, for exome capture sequencing. In September 2016 the exome 
captured data of the whole HEB-25 population were complete and sent back to 
us at the James Hutton Institute. In collaboration with Linda Milne of the 
bioinformatic department at the James Hutton Institute, we started the Illumina 
NGS sequencing of the captured pools, to produce SNP calls relative to the 
parental wild barley (HID) lines vs the recurrent cultivar parent (Barke). We 
recently completed all the sequencing and the SNP calling, but we still have not 
identified the exact localization of all the breakpoints in the HEB-25 lines, due 
to the presence of several artefactual small breakpoints that slow down Linda’s 
bioinformatic process in finding the real ones. However, we expect to complete 
all the breakpoints’ identification by the end of 2018. Figure 75 shows the 
sequencing of chromosome 1 of the first HEB family, where we generated 76,000 

























Figure 75. Graphical genotyping of chromosome 1H of HEB-25 family 1 using 
Tassel software. A) Chromosome 1H of the HEB-25 lines belonging to Family 1. The 
wild regions are in red and the green background is Barke contribution. Orange and 
purple rectangles highlight B) two clear recombination breakpoints (Tassel analysis 
made by Dr Rajiv Sharma). 
The future plan will be identifying accurately all the breakpoints position in the 
whole HEB-25 population, so to massively increase the current genetic 
resolution. The approach we are using is novel and still not applied to NAM 
population. A pioneer of the potential of NAM population is McMullen (McMullen 
et al. 2009), who created a maize NAM population of 4699 recombinant inbred 














(sequencing from restriction sites) which is much cheaper but is not gene 
targeted. In our study we deep sequenced the 26 NAM parents (20 x exome 
coverage depth), and we identified the great majority of exon SNP variation 
within HEB-25, and the already available SNP scores (1,420 lines x 7,864 
iSELECT SNPs) for all HEB-25 lines, where each line is from a genetically 
mapped known gene sequence. Now, what it needs more attention is surely the 
informatics power required to remove the artefactual from the real breakpoints, 
generating finally a complete map of the NAM population at an unprecedented 
level of accuracy.   
5.2 General conclusion and discussion of PCSL 
development 
I have created PCH substitution lines that are a promising start point for the 
development of pure introgression lines carrying only the wild heterochromatic 
substitutions in their genome. For example, talking about the progenies from 
HEB-13-111 and HEB-14-060 already discussed in section 4.1.6 and shown in 
figures 44 and 45, they already lost substantial wild material, so in few cycles 
of self-crossing they could result in pure introgression lines. HEB-13-111_3H in 
particular, except for the PCH substitution of our interest, lost almost all the 
unnecessary wild segments in 3H, whereas almost all the other chromosomes 
present no exotic contaminations, except in 4H and 6H where there is a small 
heterozygous wild region, which can be easily removed with another cycle of 
self-cross (Figure 43). Also, HEB-13-111_6H, HEB-13-111_3H/6H (Figure 43) 
and HEB-14-060_3H (Figure 44) present small single wild regions in two or 
more chromosomes that could be easily removed through a crossover event with 
a further self-cross. On the other hand, HEB progenies such as those shown in 
Figure 45, although still representing a reasonable start point for pure PCSLs, 
they would probably need more self-cross cycles to properly clean their genome 
by the unnecessary wild contribution that is still high in some of their 
chromosomes.  In my study I investigated if there were significant differences in 
plant height, flowering time, and yield-related traits among the HEB PCSLs and 
the HEB control lines. My analysis suggested the presence of relevant 
differences especially for those progenies carrying the wild substitution on 2H 
and 3H, so it was hypothesised the presence of uzu and HvCEN wild alleles on 
2H and 3H, respectively. However, it is important to highlight some big 
limitations in this study. First, the statistical analysis I used was based on an 
unpaired t-test analysis, being the two groups compared (the HEB positive and 
the HEB negative lines) for each chromosome not of the same size; often in fact, 
the groups of the HEB negative controls were larger than the groups of the 
positive HEB candidate lines (see Tables  S1-S14 in the Appendix), with these 
latter including in several cases a small number of lines (especially for 1H and 
5H, see Tables S1-S2 and S9-S10 in the Appendix), which may not be 
representative of the real HEB progeny variation.  Moreover, the variance 
differed quite often inter and intra the groups of positive and negative HEB 
progenies lines, so comparing the mean values for each trait of the HEB 
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progenies led to a flattening of the variations  that the HEB progenies showed 
for the traits analysed (see Tables  S1-S14 in the Appendix). T-tests that assume 
equal variances of the two populations may not be valid when the two 
populations have different variances, and this is even sharpened for unequal 
sample sizes. So when, for example, the smallest sample size is the one with 
highest variance, it will lead to generation of inflated Type I error. This type of 
error may be linked to false positives, namely a result indicating that a given 
effect is present when it is actually not present. In other words, some of the 
differences and effects that we observed in our groups may not reflect the real 
situation in our progeny lines, due to the too small size of the samples and the 
high variance between them. Furthermore, the choice of HvCEN and uzu as 
candidate genes associated to the phenotypes observed in the 2H and 3H PCH 
progenies lines, is based on two facts: 1) these loci have been previously mapped 
in the pericentromeric heterochromatin of chromosome 2 and 3 of barley 
genome; 2) the Hsp/Hsp alleles of these genes have been linked before to plant 
height and yield traits, with effects similar to those we observed in our lines. 
However these are assumptions that still need to be confirmed with genotypic 
analyses, because the effects observed may be linked to other wild alleles sited 
in the PCH regions that still need to be identified, or even other genes siting in 
wild segments covering the euchromatic regions not yet removed from our 
cleaning up step. Therefore, my data must be taken as preliminary data that 
need to be confirmed with more future investigation and as a start point that 
give a general idea of where to find possible interesting effects linked to the wild 
PCH substitutions.  
5.2.1 Future Work for PCSL development 
For the development of pure PCSLs, in the future more cleaning up steps will 
be needed to remove the wild material still present along the euchromatic arms 
of the HEB progeny lines. This would reduce possible epistatic interactions that 
can still mask the effects of genes in the PCH regions beneficial for breeding 
purposes, facilitating their identification and association with the traits here 
examined. More field trials, possibly in more geographical locations, are needed 
to firm up the preliminary results, so to increasing statistical power and number 
of HEB progenies; in fact, one of the biggest limitation in the current study has 
been the restricted number of analysed lines, which was probably not enough 
to see all the possible effects and interactions of the wild genes sited in the PCH 
regions. A good strategy would be genotyping the HEB progenies with the 50k 
Illumina Infinium iSelect platform recently generated by Bayer’s group (Bayer et 
al., 2017) at the James Hutton Institute; they tested the utility of the 50k SNP 
array genotyping a segregating population generated by a Golden Promise × 
Morex cross, and they successfully mapped more than 14,000 SNPs to genetic 
positions, with a close exact correspondence with their known physical 
positions (Bayer et al., 2017). Therefore, such markers are highly accurate and 
may be exploited to identify favourable alleles in the PCH regions, and eventually 
confirming the presence of the wild alleles of the candidate genes  here 
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Figure S1. Backcross progeny lines derived from HEB-02-017 studied by 
field trialling. A) Original line; B) selected HEB progenies; C) control HEB lines. 
Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S2. Backcross progeny lines derived from HEB-02-067 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S3. Backcross progeny lines derived from HEB-05-157 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 








Figure S4. Backcross progeny lines derived from HEB-06-138 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S5. Backcross progeny lines derived from HEB-09-167 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S6. Backcross progeny lines derived from HEB-10-107 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S7. Backcross progeny lines derived from HEB-11-028 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 








Figure S8. Backcross progeny lines derived from HEB-13-124 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S9. Backcross progeny lines derived from HEB-15-040 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S10. Backcross progeny lines derived from HEB-15-052 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S11. Backcross progeny lines derived from HEB-16-064 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S12. Backcross progeny lines derived from HEB-16-144 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S13. Backcross progeny lines derived from HEB-17-041 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 








Figure S14. Backcross progeny lines derived from HEB-19-049 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 








Figure S15. Backcross progeny lines derived from HEB-19-058 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S16. Backcross progeny lines derived from HEB-20-053 studied by 
field trialling. A) Original line; B) selected HEB progenies; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S17. Backcross progeny lines derived from HEB-23-116 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 








Figure S18. Backcross progeny lines derived from HEB-24-064 studied by 
field trialling. A) Original line; B) selected HEB progenies ; C) control HEB lines 
. Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Figure S19. Backcross progeny lines derived from HEB-24-201 studied by 
field trialling. A) Original line; B) selected HEB progenies; C) control HEB lines. 
Grey vertical bar = Heterochromatic region of interest. KASP markers are listed 
at the bottom. KASP markers in red map to the HC region of interest. Green 
shading = homozygous wild segments, pink shading = heterozygous segments, 







Table S1. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.4 83.8 9.3 76.8 
control-III_12-038 77 85 8 80 
control-II_12-038 73 82 9 73 
control-I_12-038 71 83 12 80 
control-V_12-038 76 85 9 80 
HEB-12-038_4H 81 92 11 80 
control-IV_12-038 68 78 10 80 
HEB-16-064_6H 64 74 10 76 
control-IV-16-064 68 78 10 80 
control-VI_16-064 50 58 8 75 
control-V_16-064 62 70 8 75 
control-III_16-064 60 68 8 73 
control-II_16-064 67 75 8 80 
control-I_16-064 54 62 8 73 
HEB-12-038_1H/4H 88 98 10 80 
HEB-12-038_1H 76 86 10 77 
HEB-12-038 98 108 10 82 
HEB-16-064_1H/6H 70 80 10 80 
HEB-16-064_1H 72 80 8 80 
HEB-16-064 62 72 10 73 
p-value 0.057 0.057   0.36 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 





Table S2. YLD-related traits’ scoring of Barke, original HEB lines, HEB controls 
and HEB candidate progenies for the 1H PCH. 
 GPE Weight(g) TGW(g) Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
control-III_12-038 76 4.11 54.07 28.9 3.9 10.5 0.37 
control-II_12-038 117 6.69 57.21 32.6 4.1 12.1 0.34 
control-I_12-038 75 4.31 57.51 34.2 3.9 13.3 0.29 
control-V_12-038 128 7.71 60.26 30.9 4.2 10 0.42 
HEB-12-038_4H 118 6.86 58.09 29.1 4.1 9.9 0.41 
control-IV_12-038 103 5.31 51.58 33 4 12.4 0.32 
HEB-16-064_6H 112 6.19 55.29 31.2 4 11.4 0.35 
control-IV-16-064 135 6.74 49.89 24.9 3.8 8.6 0.44 
control-VI_16-064 113 6.1 53.96 30.8 3.9 10.9 0.36 
control-V_16-064 74 3.99 53.92 29.6 4 9.9 0.40 
control-III_16-064 114 6.24 54.7 27.8 3.8 9.6 0.40 
control-II_16-064 151 9.17 60.74 30.2 4.1 10.1 0.41 
control-I_16-064 97 5.05 52.04 28.2 3.8 10 0.38 
HEB-12-
038_1H/4H 142 8.46 59.56 30 4.2 9.8 0.43 
HEB-12-038_1H 121 5.91 48.86 26.6 3.8 9.2 0.41 
HEB-12-038 156 8.43 54.01 31.7 3.8 11.8 0.32 
HEB-16-
064_1H/6H 132 6.54 49.55 29.1 3.9 10.3 0.38 
HEB-16-064_1H 122 6.78 55.54 27.9 3.9 9.7 0.40 
HEB-16-064 96 4.94 51.5 28.9 3.8 10.2 0.37 
p-value 0.12 0.37 0.17 0.42 0.26 0.52 0.85 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S3. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.4 83.8 9.3 76.8 
control-III_06-138 71 81 10 73 
HEB-06-138_7H 79 87 8 77 
control-I_06-138 76 86 10 75 
control-II_06-138 72 80 8 77 
control-II_11-028 75 85 10 75 
control-V_11-028 74 83 9 73 
control-III_11-028 70 77 7 73 
control-IV_11-028 82 93 11 80 
control-I_11-028 72 81 9 75 
control-I_15-052 76 85 9 73 
control-II_15-052 76 86 10 73 
control-III_15-052 64 72 8 73 
control-IV_15-052 72 83 11 77 
control-V_15-052 69 77 8 75 
control-II_02-067 74 85 11 73 
control-III_02-067 70 80 10 77 
control-IV_02-067 66 75 9 76 
HEB-02-067_6H 73 83 10 77 
control-I_02-067 82 90 8 80 
control-I_19-049 78 88 10 77 
HEB-19-049_3H 89 101 12 77 













control-III_20-053 74 83 9 75 
control-V_20-053 72 80 8 75 
HEB-20-053_4H 72 80 8 73 
control-I_20-053 68 77 9 78 
control-II_20-053 74 82 8 73 
control-IV_20-053 67 76 9 73 
control-VI_20-053 72 82 10 75 
control-IV_23-116 83 92 9 79 
control-III_23-116 72 81 9 77 
HEB-23-116_4H 71 80 9 80 
control-I_23-116 74 85 11 80 
control-II_23-116 72 80 8 76 
HEB-06-138_2H 72 81 9 75 
HEB-06-
138_2H/7H 
77 84 7 80 
HEB-06-138 73 82 9 73 
HEB-11-028_2H_2 76 85 9 80 
HEB-11-028_2H_1 70 79 9 73 
HEB-11-
028_2H/5H 
71 80 9 73 













HEB-15-052_2H 72 81 9 73 
HEB-15-
052_2H/6H 
72 81 9 70 
HEB-15-052 64 73 9 73 
HEB-02-
067_2H/6H 
81 91 10 77 
HEB-02-067_2H 73 82 9 73 
HEB-02-067 73 82 9 73 
HEB-19-049_2H 70 78 8 73 
HEB-19-
049_2H/3H 
84 93 9 73 
HEB-19-049 76 84 8 76 
HEB-20-
053_2H/4H 
73 83 10 76 
HEB-20-053_2H 68 76 8 73 
HEB-20-053 73 82 9 73 
HEB-23-
116_2H/4H 
69 77 8 73 
HEB-23-116_2H 68 77 9 76 
HEB-23-116 74 84 10 80 
p-value 0.44 0.31   >0.05(*) 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 





Table S4. YLD-related traits’ scoring of Barke, original HEB lines, HEB controls 
and HEB candidate progenies for the 2H PCH. 
 GPE Weight(g) TGW(g) Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
control-III_06-138 132 8 60.61 29.4 4.2 9.6 0.44 
HEB-06-138_7H 131 8.04 61.37 30.6 4.2 10.4 0.4 
control-I_06-138 141 9.47 67.18 27.6 4.2 8.6 0.49 
control-II_06-138 130 7.39 56.86 28.1 4.2 9 0.47 
control-II_11-028 141 8.47 60.06 28.3 4.1 9.4 0.44 
control-V_11-028 143 8.17 57.15 32.4 4 11.4 0.35 
control-III_11-028 126 6.21 49.27 27.6 3.8 9.3 0.41 
control-IV_11-028 132 7.99 60.55 29.8 4.1 9.7 0.42 
control-I_11-028 116 6.49 55.97 27.7 4 9.1 0.44 
control-I_15-052 121 7.4 61.16 32.9 4.1 11.7 0.35 
control-II_15-052 126 7.87 62.47 27.2 4.1 8.8 0.47 
control-III_15-052 110 6.7 60.89 29 3.8 9.8 0.39 
control-IV_15-052 158 10.47 66.28 31.4 4.2 11.1 0.38 
control-V_15-052 130 8.09 62.26 26.5 4 8.9 0.45 
control-II_02-067 80 4.19 52.35 26.2 3.8 8.9 0.43 
control-III_02-067 128 7.32 57.2 28.8 4 9.7 0.41 
control-IV_02-067 141 7.02 49.8 28.8 3.7 11 0.34 
HEB-02-067_6H 131 7.45 56.85 27.8 3.9 10.1 0.39 
control-I_02-067 111 7.12 64.16 29.2 4.1 9.7 0.42 
control-I_19-049 134 6.64 49.52 25.2 3.9 8.6 0.45 
HEB-19-049_3H 122 6.77 55.46 27.1 3.9 9.1 0.43 
control-II_19-049 129 7.44 57.65 25.6 4 8.4 0.48 
control-III_20-053 115 7.2 62.61 28.4 4.1 9.3 0.44 
control-V_20-053 120 6.85 57.06 28.4 4 10.1 0.4 
HEB-20-053_4H 127 5.85 46.09 29.4 3.8 10.7 0.36 
control-I_20-053 109 5.75 52.76 31.5 4 12 0.33 
control-II_20-053 118 7.18 60.86 27.4 4.1 8.9 0.46 
control-IV_20-053 129 7.65 59.33 26.6 4.1 8.6 0.48 
control-VI_20-053 122 7.58 62.12 27 4 8.8 0.45 
control-IV_23-116 139 9.21 66.22 27.7 4.1 9 0.46 
control-III_23-116 138 8.37 60.66 28.9 4.1 9.6 0.43 
HEB-23-116_4H 141 8.47 60.04 27.8 3.9 9.4 0.41 
control-I_23-116 131 6.96 53.12 26.8 3.9 9.1 0.43 


















HEB-06-138_2H 120 7.82 65.18 28.3 4.2 9 0.47 
HEB-06-
138_2H/7H 
100 5.5 55.04 27.7 4 9.1 0.44 
HEB-06-138 106 5.99 56.53 28.9 4 9.4 0.43 
HEB-11-028_2H_2 141 8.11 57.5 31.1 4 10.8 0.37 
HEB-11-028_2H_1 139 7.57 54.48 28.3 3.9 9.8 0.4 
HEB-11-
028_2H/5H 
128 7.68 60.02 27.4 4 9 0.44 
HEB-11-028 61 2.95 48.31 32.3 3.7 12 0.31 
HEB-15-052_2H 118 6.59 55.86 31.6 4 10.9 0.37 
HEB-15-
052_2H/6H 
116 6.93 59.75 29.3 4 9.7 0.41 
HEB-15-052 82 3.62 44.12 25.3 3.5 9.4 0.37 
HEB-02-
067_2H/6H 
114 6.12 53.64 27.1 3.8 9.3 0.41 
HEB-02-067_2H 126 7.62 60.47 28.6 4 9.3 0.43 
HEB-02-067 66 2.77 42.03 32.3 3.6 12.4 0.29 
HEB-19-049_2H 120 6.35 52.88 27.7 3.7 9.9 0.37 
HEB-19-
049_2H/3H 
142 8.4 59.14 27.5 3.9 9.2 0.42 
HEB-19-049 133 7.07 53.17 26.4 3.7 9.2 0.4 
HEB-20-
053_2H/4H 
112 7.12 63.6 28.4 3.9 9.4 0.41 
HEB-20-053_2H 119 8.21 68.97 29.6 4.2 9.5 0.44 
HEB-20-053 129 6.95 53.9 32.5 4 11.9 0.34 
HEB-23-
116_2H/4H 
112 7.11 63.45 30.3 3.9 10.5 0.37 
HEB-23-116_2H 123 8.09 65.75 28 4.1 9 0.46 










In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S5. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 
controls and HEB candidate progenies for the 3H PCH. 







Barke  74.4 83.8 9.3 76.8 
HEB-13-111_6H 73 81 8 77 
control-V_13-111 88 98 10 74 
control-II_13-111 95 104 9 79 
control-III_13-111 96 106 10 77 
control-I_13-111 70 78 8 73 
control-IV_13-111 91 101 10 74 
HEB-14-060_4H 73 83 10 80 
control-V_14-060 79 90 11 77 
control-I_14-060 72 81 9 79 
control-IV_14-060 87 97 10 77 
control-II_14-060 75 86 11 77 
control-III_14-060 87 96 9 80 
HEB-17-041_5H 79 88 9 79 
control-III_17-041 73 83 10 73 
control-V_17-041 74 84 10 80 
control-II_17-041 79 88 9 76 
control-IV_17-041 63 72 9 77 
control-VI_17-041 73 83 10 75 
control-I_17-041 76 86 10 76 
HEB-19-049_2H 70 78 8 73 
control-II_19-049 71 80 9 76 
control-I_19-049 78 88 10 77 
HEB-19-058_7H 76 86 10 75 
control-II_19-058 80 90 10 76 
control-IV_19-058 78 87 9 80 
control-I_19-058 68 77 9 78 
control-V_19-058 75 84 9 78 













HEB-13-111_3H 80 90 10 75 
HEB-13-
111_3H/6H 
76 84 8 80 
HEB-13-111 115 126 11 79 
HEB-14-060_3H 76 86 10 77 
HEB-14-
060_3H/4H 
86 96 10 77 
HEB-14-060 97 100 3 77 
HEB-17-
041_3H/5H 
71 81 10 79 
HEB-17-041_3H 88 99 11 79 
HEB-17-041 88 98 10 76 
HEB-19-
049_2H/3H 
84 93 9 73 
HEB-19-049_3H 89 101 12 77 
HEB-19-049 76 84 8 76 
HEB-19-
058_3H/7H 
78 87 9 75 
HEB-19-058_3H 82 91 9 79 
HEB-19-058 78 88 10 80 
p-value 0.027(*) 0.035(*)   0.6 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 





Table S6. YLD-related traits’ scoring of Barke, original HEB lines, HEB controls 
and HEB candidate progenies for the 3H PCH. 
 GPE Weight(g) TGW(g) Area Width Length W_L 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
HEB-13-111_6H 132 8.17 61.86 28.8 4.2 9.5 0.44 
control-V_13-111 - - - - - - - 
control-II_13-111 129 7.81 60.53 27.3 4 8.9 0.45 
control-III_13-111 130 7.04 54.13 26.7 3.9 9.1 0.43 
control-I_13-111 118 6.64 56.25 28.5 4.1 9.2 0.45 
control-IV_13-111 139 8.53 61.37 26.7 4 8.7 0.46 
HEB-14-060_4H 123 6.16 50.06 26.7 3.8 9.3 0.41 
control-V_14-060 138 7.94 57.56 30 4 10.7 0.37 
control-I_14-060 132 8.42 63.8 27.2 4.1 8.8 0.47 
control-IV_14-060 131 8.01 61.16 27.8 3.9 9.4 0.41 
control-II_14-060 169 9.71 57.44 28 4 9.3 0.43 
control-III_14-060 99 5.56 56.16 26.2 3.8 9.2 0.41 
HEB-17-041_5H 128 7.35 57.41 26.3 4 8.8 0.45 
control-III_17-041 129 7.2 55.84 27.2 3.9 9.4 0.41 
control-V_17-041 137 8.17 59.66 26.8 3.9 8.8 0.44 
control-II_17-041 136 8.49 62.41 28.2 4.1 9.1 0.45 
control-IV_17-041 124 5.75 46.35 25.2 3.6 9.2 0.39 
control-VI_17-041 110 4.92 44.75 27.3 3.8 9.7 0.39 
control-I_17-041 118 7.83 66.37 29.1 4.2 9.6 0.44 
HEB-19-049_2H 120 6.35 52.88 27.7 3.7 9.9 0.37 
control-II_19-049 129 7.44 57.65 25.6 4 8.4 0.48 
control-I_19-049 134 6.64 49.52 25.2 3.9 8.6 0.45 
HEB-19-058_7H 115 6.8 59.17 27.3 4 9.2 0.43 
control-II_19-058 125 7.99 63.88 29 4.2 9.4 0.45 
control-IV_19-058 126 6.02 47.75 25.6 3.7 8.9 0.42 
control-I_19-058 122 6.42 52.66 28.8 3.9 9.9 0.39 
control-V_19-058 138 8.92 64.67 27.6 4.2 9 0.47 





 GPE Weight(g) TGW(g) Area Width Length W_L 
HEB-13-111_3H 127 6.38 50.28 24.9 3.7 8.8 0.42 
HEB-13-
111_3H/6H 
139 8.23 59.22 26 4 8.6 0.47 
HEB-13-111 145 9.41 64.92 27.5 4 9.1 0.44 
HEB-14-060_3H 136 8.26 60.76 27.7 4 9.2 0.43 
HEB-14-
060_3H/4H 
145 8.58 59.2 25.9 4 8.6 0.47 
HEB-14-060 141 7.9 56.01 31.2 3.8 11.2 0.34 
HEB-17-
041_3H/5H 
141 8.19 58.06 27.1 3.9 9.3 0.42 
HEB-17-041_3H 147 9.58 65.14 27.8 4.2 9 0.47 
HEB-17-041 114 6.53 57.32 26.8 4 8.7 0.46 
HEB-19-
049_2H/3H 
142 8.4 59.14 27.5 3.9 9.2 0.42 
HEB-19-049_3H 122 6.77 55.46 27.1 3.9 9.1 0.43 
HEB-19-049 133 7.07 53.17 26.4 3.7 9.2 0.4 
HEB-19-
058_3H/7H 
138 9.2 66.67 30.4 4.2 10.4 0.4 
HEB-19-058_3H 146 9.16 62.74 26.4 4.1 8.8 0.47 
HEB-19-058 136 7.56 55.6 27.5 3.9 9.4 0.41 
p-value 0.02(*) 0.03(*) 0.25 0.99 0.94 0.94 1 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S7. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.45 83.78 9.34 76.77 
control-III_12-038 77 85 8 80 
control-II_12-038 73 82 9 73 
control-I_12-038 71 83 12 80 
control-V_12-038 76 85 9 80 
control-IV_12-038 68 78 10 80 
HEB-12-038_1H 76 86 10 77 
control-I_13-124 78 89 11 79 
control-II_13-124 78 90 12 77 
control-VI_13-124 78 88 10 77 
control-III_13-124 76 87 11 79 
control-IV_13-124 77 87 10 77 
control-V_13-124 73 85 12 79 
HEB-13-124_7H 80 90 10 77 
control-V_14-060 79 90 11 77 
HEB-14-060_3H 76 86 10 77 
control-I_14-060 72 81 9 79 
control-IV_14-060 87 97 10 77 
control-II_14-060 75 86 11 77 
control-III_14-060 87 96 9 80 
control-II_15-040 74 81 7 76 
control-V_15-040 75 83 8 75 
control-VI_15-040 81 89 8 77 
control-IV_15-040 69 78 9 80 
control-III_15-040 78 88 10 75 
control-I_15-040 76 86 10 80 
control-III_16-144 73 82 9 79 
control-I_16-144 75 84 9 79 
control-II_16-144 73 84 11 80 
control-III_20-053 74 83 9 75 
control-V_20-053 72 80 8 75 
control-I_20-053 68 77 9 78 
control-II_20-053 74 82 8 73 
HEB-20-053_2H 68 76 8 73 
control-IV_20-053 67 76 9 73 
control-VI_20-053 72 82 10 75 














control-IV_23-116 83 92 9 79 
control-III_23-116 72 81 9 77 
control-I_23-116 74 85 11 80 
control-II_23-116 72 80 8 76 
HEB-23-116_2H 68 77 9 76 
control-III_24-064 80 90 10 79 
control-II_24-064 70 80 10 79 
control-I_24-064 73 82 9 79 
HEB-12-038_4H 81 92 11 80 
HEB-12-
038_1H/4H 
88 98 10 80 
HEB-12-038 98 108 10 82 
HEB-13-124_4H 75 84 9 79 
HEB-13-
124_4H/7H 
73 82 9 79 
HEB-13-124 85 94 9 75 
HEB-14-
060_3H/4H 
86 96 10 77 
HEB-14-060_4H 73 83 10 80 
HEB-14-060 97 100 3 77 
HEB-15-040_4H_3 77 87 10 79 
HEB-15-040_4H_2 68 77 9 80 
HEB-15-040_4H_1 74 83 9 75 
HEB-15-040 71 81 10 76 
HEB-16-144_7H 79 89 10 79 
HEB-16-
144_4H/7H 
75 86 11 80 
HEB-16-144_4H 72 80 8 79 
HEB-16-144 84 94 10 79 
HEB-20-053_4H 72 80 8 73 
HEB-20-
053_2H/4H 
73 83 10 76 















69 77 8 73 
HEB-23-116_4H 71 80 9 80 
HEB-23-116 74 84 10 80 
HEB-24-064_4H_1 78 88 10 79 
HEB-24-064_4H_3 80 88 8 80 
HEB-24-064_4H_2 69 80 11 87 
HEB-24-064 78 87 9 77 
p-value 0.15 0.22   0.26 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 
P-value <= 0.001) between the lines still carrying the PCH substitution and those that 
not. 
Table S8. YLD-related traits’ scoring of Barke, original HEB lines, HEB controls 

















4.1 9.06 0.45 
control-III_12-038 76 4.11 54.07 28.9 4.1 12.1 0.34 
control-II_12-038 117 6.69 57.21 32.6 3.9 13.3 0.29 
control-I_12-038 75 4.31 57.51 34.2 4.2 10 0.42 
control-V_12-038 128 7.71 60.26 30.9 4.1 9.9 0.41 
control-IV_12-038 103 5.31 51.58 33 3.8 9.2 0.41 
HEB-12-038_1H 121 5.91 48.86 26.6 3.8 11.8 0.32 
control-I_13-124 111 6.73 60.66 27.1 4.1 8.7 0.47 
control-II_13-124 146 9.28 63.54 27.5 4.1 8.9 0.46 
control-VI_13-124 138 8.49 61.54 28.6 4 9.7 0.41 
control-III_13-124 163 9.13 55.98 27.1 4 9.2 0.43 
control-IV_13-124 125 6.77 54.12 27 3.8 9.1 0.42 
control-V_13-124 129 7.03 54.46 26.3 4 8.7 0.46 
HEB-13-124_7H 144 10.39 72.16 29.6 4.4 9 0.49 
control-V_14-060 138 7.94 57.56 30 4 10.7 0.37 
HEB-14-060_3H 136 8.26 60.76 27.7 4 9.2 0.43 
control-I_14-060 132 8.42 63.8 27.2 4.1 8.8 0.47 
control-IV_14-060 131 8.01 61.16 27.8 3.9 9.4 0.41 
control-II_14-060 169 9.71 57.44 28 4 9.3 0.43 















control-II_15-040 134 7.51 56.02 33 4 12 0.33 
control-V_15-040 132 8.04 60.93 32.1 4.1 11.6 0.35 
control-VI_15-040 145 7.46 51.43 28 3.8 10.4 0.37 
control-IV_15-040 128 8.09 63.23 27.7 4.1 8.9 0.46 
control-III_15-040 146 8.44 57.77 29.8 4 10.7 0.37 
control-I_15-040 143 8.82 61.67 27 4 8.8 0.45 
control-III_16-144 108 6.17 57.13 27.4 3.9 9.2 0.42 
control-I_16-144 143 9.19 64.24 27.5 4.1 8.9 0.46 
HEB-16-144_7H 149 8.26 55.41 27.2 3.9 9.2 0.42 
control-II_16-144 135 8.68 64.28 29.5 4 9.9 0.4 
control-III_20-053 115 7.2 62.61 28.4 4.1 9.3 0.44 
control-V_20-053 120 6.85 57.06 28.4 4 10.1 0.4 
control-I_20-053 109 5.75 52.76 31.5 4 12 0.33 
control-II_20-053 118 7.18 60.86 27.4 4.1 8.9 0.46 
HEB-20-053_2H 119 8.21 68.97 29.6 4.2 9.5 0.44 
control-IV_20-053 129 7.65 59.33 26.6 4.1 8.6 0.48 
control-VI_20-053 122 7.58 62.12 27 4 8.8 0.45 
control-IV_23-116 139 9.21 66.22 27.7 4.1 9 0.46 
control-III_23-116 138 8.37 60.66 28.9 4.1 9.6 0.43 
HEB-23-116_2H 123 8.09 65.75 28 4.1 9 0.46 
control-I_23-116 131 6.96 53.12 26.8 3.9 9.1 0.43 
control-II_23-116 133 7.84 58.96 28.1 4 9.7 0.41 
control-III_24-064 146 9.04 61.9 26.9 4.1 8.7 0.47 
control-II_24-064 119 7.36 61.87 28.4 4.2 9 0.47 
control-I_24-064 132 7.72 58.45 27.9 4.1 9.3 0.44 
HEB-12-038_4H 118 6.86 58.09 29.1 4.2 9.8 0.43 
HEB-12-
038_1H/4H 
142 8.46 59.56 30 4 12.4 0.32 
HEB-12-038 156 8.43 54.01 31.7 3.8 11.8 0.32 
HEB-13-124_4H 137 8.51 62.15 27.1 4.1 8.9 0.46 
HEB-13-
124_4H/7H 
142 7.67 54.04 26 3.8 8.9 0.43 















145 8.58 59.2 25.9 4 8.6 0.47 
HEB-14-
060_4H 
123 6.16 50.06 26.7 3.8 9.3 0.41 
HEB-14-060 141 7.9 56.01 31.2 3.8 11.2 0.34 
HEB-15-
040_4H_3 
156 8.13 52.1 32.8 4 12.3 0.33 
HEB-15-
040_4H_2 
118 6.77 57.37 31.9 4.1 11.4 0.36 
HEB-15-
040_4H_1 
114 6.27 54.98 32.2 4 12.2 0.33 
HEB-15-040 100 4.58 45.78 31.9 3.9 12.2 0.32 
HEB-16-
144_4H/7H 
66 3.34 50.59 30.2 3.8 10.5 0.36 
HEB-16-
144_4H 
130 7.28 56.02 28 4 9.4 0.43 
HEB-16-144 98 4.49 45.8 30.5 3.7 11.1 0.33 
HEB-20-
053_4H 
127 5.85 46.09 29.4 3.8 10.7 0.36 
HEB-20-
053_2H/4H 
112 7.12 63.6 28.4 3.9 9.4 0.41 
HEB-20-053 129 6.95 53.9 32.5 4 11.9 0.34 
HEB-23-
116_2H/4H 
112 7.11 63.45 30.3 3.9 10.5 0.37 
HEB-23-
116_4H 
141 8.47 60.04 27.8 3.9 9.4 0.41 
HEB-23-116 104 4.81 46.23 28.8 3.4 10.7 0.32 
HEB-24-
064_4H_1 
114 5.42 47.51 27.7 3.7 10.4 0.36 
HEB-24-
064_4H_3 
128 6.73 52.55 25 3.8 8.5 0.45 
HEB-24-
064_4H_2 
118 6.6 55.97 26.9 4.1 8.6 0.48 













In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S9. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.45 83.78 9.34 76.77 
control-V_05-157 76 83 7 75 
control-I_05-157 74 82 8 73 
control-IV_05-157 74 84 10 87 
control-II_05-157 80 90 10 82 
control-III_05-157 75 85 10 73 
HEB-05-157_7H 78 88 10 87 
control-II_10-107 65 74 9 80 
control-I_10-107 77 86 9 77 
control-VI_10-107 77 86 9 76 
control-IV_10-107 74 82 8 82 
HEB-10-107_6H 81 90 9 80 
control-III_10-107 75 84 9 80 
control-V_10-107 86 96 10 80 
HEB-11-028_2H_2 76 85 9 80 
HEB-11-028_2H_1 70 79 9 73 
control-II_11-028 75 85 10 75 
control-V_11-028 74 83 9 73 
control-III_11-028 70 77 7 73 
control-IV_11-028 82 93 11 80 
control-I_11-028 72 81 9 75 
control-III_17-041 73 83 10 73 
control-V_17-041 74 84 10 80 
control-II_17-041 79 88 9 76 
control-IV_17-041 63 72 9 77 
control-VI_17-041 73 83 10 75 
HEB-17-041_3H 88 99 11 79 
















HEB-05-157_5H 71 80 9 75 
HEB-05-
157_5H/7H 
73 82 9 73 
HEB-05-157 90 102 12 77 
HEB-10-107_5H 70 81 11 80 
HEB-10-
107_5H/6H 
81 90 9 80 
HEB-10-107 80 90 10 76 
HEB-11-
028_2H/5H 
71 80 9 73 
HEB-11-028 68 76 8 70 
HEB-17-041_5H 79 88 9 79 
HEB-17-
041_3H/5H 
71 81 10 79 
HEB-17-041 88 98 10 76 
p-value 0.6 0.53   0.29 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 





Table S10. YLD-related traits’ scoring of Barke, original HEB lines, HEB 




Area Width Length W_L 
(g) (g) 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
control-V_05-157 128 7.46 58.27 27.1 4 9.2 0.43 
control-I_05-157 129 7.91 61.32 28.1 4.1 9.5 0.43 
control-IV_05-157 144 7.8 54.15 29.4 4.1 10 0.41 
control-II_05-157 121 6.03 49.84 26 3.9 8.8 0.44 
control-III_05-157 139 8.84 63.56 30.3 4.2 10 0.42 
HEB-05-157_7H 157 9.33 59.44 31.1 4.3 10.8 0.4 
control-II_10-107 134 8.27 61.72 30.9 4.1 10.6 0.39 
control-I_10-107 141 8.18 58.01 30.6 4 11.3 0.35 
control-VI_10-107 126 7.67 60.9 31.7 4.1 11.2 0.37 
control-IV_10-107 140 7.01 50.06 30.4 3.9 10.6 0.37 
HEB-10-107_6H 138 7.66 55.47 26.3 3.9 8.9 0.44 
control-III_10-107 107 6.36 59.43 28.1 4 9.4 0.43 
control-V_10-107 131 8.04 61.37 27.6 4 9 0.44 
HEB-11-028_2H_2 141 8.11 57.5 31.1 4 10.8 0.37 
HEB-11-028_2H_1 139 7.57 54.48 28.3 3.9 9.8 0.4 
control-II_11-028 141 8.47 60.06 28.3 4.1 9.4 0.44 
control-V_11-028 143 8.17 57.15 32.4 4 11.4 0.35 
control-III_11-028 126 6.21 49.27 27.6 3.8 9.3 0.41 
control-IV_11-028 132 7.99 60.55 29.8 4.1 9.7 0.42 
control-I_11-028 116 6.49 55.97 27.7 4 9.1 0.44 
control-III_17-041 129 7.2 55.84 27.2 3.9 9.4 0.41 
control-V_17-041 137 8.17 59.66 26.8 3.9 8.8 0.44 
control-II_17-041 136 8.49 62.41 28.2 4.1 9.1 0.45 
control-IV_17-041 124 5.75 46.35 25.2 3.6 9.2 0.39 
control-VI_17-041 110 4.92 44.75 27.3 3.8 9.7 0.39 
HEB-17-041_3H 147 9.58 65.14 27.8 4.2 9 0.47 













Area Width Length W_L 
(g) (g) 
HEB-05-157_5H 143 8.54 59.71 25.9 4 8.4 0.48 
HEB-05-
157_5H/7H 
122 7.72 63.25 29.3 4.1 9.9 0.41 
HEB-05-157 127 6.9 54.35 26 3.9 8.7 0.45 
HEB-10-107_5H 137 7.83 57.13 27.2 4 9 0.44 
HEB-10-
107_5H/6H 
79 4.39 55.53 31.6 3.9 11.9 0.33 
HEB-10-107 137 6.88 50.21 31.2 3.9 12 0.33 
HEB-11-
028_2H/5H 
128 7.68 60.02 27.4 4 9 0.44 
HEB-11-028 61 2.95 48.31 32.3 3.7 12 0.31 
HEB-17-041_5H 128 7.35 57.41 26.3 4 8.8 0.45 
HEB-17-
041_3H/5H 
141 8.19 58.06 27.1 3.9 9.3 0.42 
HEB-17-041 114 6.53 57.32 26.8 4 8.7 0.46 
p-value >0.05(*) 0.08 0.58 0.61 0.19 0.88 0.84 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= Grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S11. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.45 83.78 9.34 76.77 
HEB-10-107_5H 70 81 11 80 
control-II_10-107 65 74 9 80 
control-I_10-107 77 86 9 77 
control-VI_10-107 77 86 9 76 
control-IV_10-107 74 82 8 82 
control-III_10-107 75 84 9 80 
control-V_10-107 86 96 10 80 
control-V_13-111 88 98 10 74 
control-II_13-111 95 104 9 79 
control-III_13-111 96 106 10 77 
HEB-13-111_3H 80 90 10 75 
control-I_13-111 70 78 8 73 
control-IV_13-111 91 101 10 74 
HEB-15-052_2H 72 81 9 73 
control-I_15-052 76 85 9 73 
control-II_15-052 76 86 10 73 
control-V_15-052 69 77 8 75 
control-III_15-052 64 72 8 73 
control-IV_15-052 72 83 11 77 
control-IV-16-064 68 78 10 80 
HEB-16-064_1H 72 80 8 80 
control-VI_16-064 50 58 8 75 
control-V_16-064 62 70 8 75 
control-III_16-064 60 68 8 73 
control-II_16-064 67 75 8 80 
control-I_16-064 54 62 8 73 
control-II_02-067 74 85 11 73 
control-III_02-067 70 80 10 77 
control-IV_02-067 66 75 9 76 
control-I_02-067 82 90 8 80 












control-I_24-201 77 87 10 79 
control-IV_24-201 75 80 5 80 
control-II_24-201 75 87 12 75 
control-III_24-201 70 79 9 75 
control-V_24-201 66 76 10 73 
control-VI_24-201 68 76 8 73 
HEB-10-
107_5H/6H 
81 90 9 80 
HEB-10-107_6H 81 90 9 80 
HEB-10-107 80 90 10 76 
HEB-13-111_6H 73 81 8 77 
HEB-13-
111_3H/6H 
76 84 8 80 
HEB-13-111 115 126 11 79 
HEB-15-
052_2H/6H 
72 81 9 70 
HEB-15-052 64 73 9 73 
HEB-16-064_6H 64 74 10 76 
HEB-16-
064_1H/6H 
70 80 10 80 
HEB-16-064 62 72 10 73 
HEB-02-
067_2H/6H 
81 91 10 77 
HEB-02-067_6H 73 83 10 77 
HEB-02-067 73 82 9 73 
HEB-24-201_6H_2 74 82 8 77 
HEB-24-201_6H_1 75 84 9 75 
HEB-24-201_6H_3 76 84 8 73 
HEB-24-201 77 85 8 73 
p-value 0.31 0.33   0.41 
 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 




Table S12. YLD-related traits’ scoring of Barke, original HEB lines, HEB 




Area Width Length W_L 
(g) (g) 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
control-II_10-107 134 8.27 61.72 30.9 4.1 10.6 0.39 
control-I_10-107 141 8.18 58.01 30.6 4 11.3 0.35 
control-VI_10-107 126 7.67 60.9 31.7 4.1 11.2 0.37 
control-IV_10-107 140 7.01 50.06 30.4 3.9 10.6 0.37 
HEB-10-107_5H 137 7.83 57.13 27.2 4 9 0.44 
control-III_10-107 107 6.36 59.43 28.1 4 9.4 0.43 
control-V_10-107 131 8.04 61.37 27.6 4 9 0.44 
HEB-13-111_3H 127 6.38 50.28 24.9 3.7 8.8 0.42 
control-II_13-111 129 7.81 60.53 27.3 4 8.9 0.45 
control-III_13-111 130 7.04 54.13 26.7 3.9 9.1 0.43 
control-I_13-111 118 6.64 56.25 28.5 4.1 9.2 0.45 
control-IV_13-111 139 8.53 61.37 26.7 4 8.7 0.46 
control-V_13-111 - - - - - - - 
control-I_15-052 121 7.4 61.16 32.9 4.1 11.7 0.35 
control-II_15-052 126 7.87 62.47 27.2 4.1 8.8 0.47 
control-III_15-052 110 6.7 60.89 29 3.8 9.8 0.39 
control-IV_15-052 158 10.47 66.28 31.4 4.2 11.1 0.38 
control-V_15-052 130 8.09 62.26 26.5 4 8.9 0.45 
HEB-15-052_2H 118 6.59 55.86 31.6 4 10.9 0.37 
HEB-16-064_1H 122 6.78 55.54 27.9 3.9 9.7 0.4 
control-IV-16-064 135 6.74 49.89 24.9 3.8 8.6 0.44 
control-VI_16-064 113 6.1 53.96 30.8 3.9 10.9 0.36 
control-V_16-064 74 3.99 53.92 29.6 4 9.9 0.4 
control-III_16-064 114 6.24 54.7 27.8 3.8 9.6 0.4 
control-II_16-064 151 9.17 60.74 30.2 4.1 10.1 0.41 
control-I_16-064 97 5.05 52.04 28.2 3.8 10 0.38 
control-II_02-067 80 4.19 52.35 26.2 3.8 8.9 0.43 
control-III_02-067 128 7.32 57.2 28.8 4 9.7 0.41 
control-IV_02-067 141 7.02 49.8 28.8 3.7 11 0.34 
HEB-02-067_2H 126 7.62 60.47 28.6 4 9.3 0.43 
control-I_02-067 111 7.12 64.16 29.2 4.1 9.7 0.42 
control-I_24-201 143 9.13 63.83 27 4.2 8.5 0.49 
control-IV_24-201 130 7.41 56.99 32.4 4 11.9 0.34 
control-II_24-201 151 10.2 67.54 30 4.2 10.1 0.42 
control-III_24-201 121 7.92 65.45 28.7 4.2 9.2 0.46 
control-V_24-201 132 7.2 54.55 31 4.1 10.8 0.38 







Area Width Length W_L 
(g) (g) 
HEB-10-107_6H 138 7.66 55.47 26.3 3.9 8.9 0.44 
HEB-10-
107_5H/6H 
79 4.39 55.53 31.6 3.9 11.9 0.33 
HEB-10-107 137 6.88 50.21 31.2 3.9 12 0.33 
HEB-13-111_6H 132 8.17 61.86 28.8 4.2 9.5 0.44 
HEB-13-
111_3H/6H 
139 8.23 59.22 26 4 8.6 0.47 
HEB-13-111 145 9.41 64.92 27.5 4 9.1 0.44 
HEB-15-
052_2H/6H 
116 6.93 59.75 29.3 4 9.7 0.41 
HEB-15-052 82 3.62 44.12 25.3 3.5 9.4 0.37 
HEB-16-
064_1H/6H 
132 6.54 49.55 29.1 3.9 10.3 0.38 
HEB-16-064_6H 112 6.19 55.29 31.2 4 11.4 0.35 
HEB-16-064 96 4.94 51.5 28.9 3.8 10.2 0.37 
HEB-02-
067_2H/6H 
114 6.12 53.64 27.1 3.8 9.3 0.41 
HEB-02-067_6H 131 7.45 56.85 27.8 3.9 10.1 0.39 
HEB-02-067 66 2.77 42.03 32.3 3.6 12.4 0.29 
HEB-24-201_6H_1 107 6.18 57.73 28 4.1 9 0.46 
HEB-24-201_6H_2 - - - - - - - 
HEB-24-201_6H_3 109 5.7 52.29 26.3 3.8 9 0.42 
HEB-24-201 113 6.7 59.27 31.7 4 11.4 0.35 
p-value 0.05(*) >0.05(*) >0.05(*) 0.92 >0.05(*) 0.32 0.13 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 




Table S13. HEI, ear length and HEA scoring of Barke, original HEB lines, HEB 









Barke  74.4 83.8 9.3 76.8 
control-V_05-157 76 83 7 75 
control-I_05-157 74 82 8 73 
control-IV_05-157 74 84 10 87 
control-II_05-157 80 90 10 82 
control-III_05-157 75 85 10 73 
HEB-05-157_5H 71 80 9 75 
HEB-06-138_2H 72 81 9 75 
control-III_06-138 71 81 10 73 
control-I_06-138 76 86 10 75 
control-II_06-138 72 80 8 77 
control-III_09-167 75 84 9 68 
control-VI_09-167 78 89 11 75 
control-II_09-167 69 77 8 68 
control-IV_09-167 69 78 9 68 
control-VII_09-167 77 87 10 75 
control-V_09-167 82 92 10 77 
control-I_09-167 74 82 8 68 
control-I_13-124 78 89 11 79 
HEB-13-124_4H 75 84 9 79 
control-II_13-124 78 90 12 77 
control-VI_13-124 78 88 10 77 
control-III_13-124 76 87 11 79 
control-IV_13-124 77 87 10 77 
control-V_13-124 73 85 12 79 
control-III_02-017 69 78 9 73 
control-II_02-017 74 82 8 77 
control-I_02-017 77 87 10 79 
control-VI_02-017 66 76 10 79 
control-V_02-017 75 85 10 76 













control-III_16-144 73 82 9 79 
control-I_16-144 75 84 9 79 
HEB-16-144_4H 72 80 8 79 
control-II_16-144 73 84 11 80 
control-IV_19-058 78 87 9 80 
control-I_19-058 68 77 9 78 
control-V_19-058 75 84 9 78 
control-III_19-058 81 91 10 80 
HEB-19-058_3H 82 91 9 79 
control-II_19-058 80 90 10 76 
HEB-05-157_7H 78 88 10 87 
HEB-05-
157_5H/7H 
73 82 9 73 
HEB-05-157 90 102 12 77 
HEB-06-138_7H 79 87 8 77 
HEB-06-
138_2H/7H 
77 84 7 80 
HEB-06-138 73 82 9 73 
HEB-09-167_7H_2 80 89 9 76 
HEB-09-167_7H_1 70 79 9 75 
HEB-09-167_7H_3 65 74 9 68 













73 82 9 79 
HEB-13-124_7H 80 90 10 77 
HEB-13-124 85 94 9 75 
HEB-02-017_7H_1 79 90 11 76 
HEB-02-017_7H_2 73 82 9 73 
HEB-02-017_7H_3 73 83 10 76 
HEB-02-017 66 75 9 80 
HEB-16-
144_4H/7H 
75 86 11 80 
HEB-16-144_7H 79 89 10 79 
HEB-16-144 84 94 10 79 
HEB-19-
058_3H/7H 
78 87 9 75 
HEB-19-058_7H 76 86 10 75 
HEB-19-058 78 88 10 80 
p-value 0.1 0.13 0.88 
In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. HEI= plant height, HEA= heading date. Ear length= HEI to ear – HEI to collar. 
Asterisks mean significant differences ( * = P-value <= 0.05; ** = P-value <= 0.01; *** = 




Table S14. YLD-related traits’ scoring of Barke, original HEB lines, HEB 




Area Width Length W_L 
(g) (g) 
Barke  128.69 7.94 61.38 27.77 4.1 9.06 0.45 
control-V_05-157 128 7.46 58.27 27.1 4 9.2 0.43 
control-I_05-157 129 7.91 61.32 28.1 4.1 9.5 0.43 
control-IV_05-157 144 7.8 54.15 29.4 4.1 10 0.41 
control-II_05-157 121 6.03 49.84 26 3.9 8.8 0.44 
control-III_05-157 139 8.84 63.56 30.3 4.2 10 0.42 
HEB-05-157_5H 143 8.54 59.71 25.9 4 8.4 0.48 
control-III_06-138 132 8 60.61 29.4 4.2 9.6 0.44 
control-I_06-138 141 9.47 67.18 27.6 4.2 8.6 0.49 
control-II_06-138 130 7.39 56.86 28.1 4.2 9 0.47 
HEB-06-138_2H 120 7.82 65.18 28.3 4.2 9 0.47 
control-III_09-167 139 8.88 63.88 29.6 4.1 10.3 0.4 
control-VI_09-167 119 6.91 58.1 26.1 4 8.6 0.47 
control-II_09-167 109 6.71 61.56 27.8 4 9.4 0.43 
control-IV_09-167 104 6.56 63.06 26.5 4 8.7 0.46 
control-VII_09-167 143 9.39 65.66 27 4.2 8.7 0.48 
control-V_09-167 144 9.8 68.06 27.7 4.2 8.7 0.48 
control-I_09-167 126 8.23 65.3 27.1 4.1 8.7 0.47 
control-I_13-124 111 6.73 60.66 27.1 4.1 8.7 0.47 
control-II_13-124 146 9.28 63.54 27.5 4.1 8.9 0.46 
control-VI_13-124 138 8.49 61.54 28.6 4 9.7 0.41 
control-III_13-124 163 9.13 55.98 27.1 4 9.2 0.43 
control-IV_13-124 125 6.77 54.12 27 3.8 9.1 0.42 
control-V_13-124 129 7.03 54.46 26.3 4 8.7 0.46 
HEB-13-124_4H 137 8.51 62.15 27.1 4.1 8.9 0.46 
control-III_02-017 132 7.85 59.48 27.9 4.2 9 0.47 
control-II_02-017 148 10.01 67.63 28.5 4.1 9 0.46 
control-I_02-017 135 8.42 62.38 30.1 4 10.3 0.39 
control-VI_02-017 146 8.79 60.24 30.2 4 10.3 0.39 
control-V_02-017 143 9.37 65.5 27.1 4.1 8.7 0.47 







Area Width Length W_L 
(g) (g) 
control-III_16-144 108 6.17 57.13 27.4 3.9 9.2 0.42 
control-I_16-144 143 9.19 64.24 27.5 4.1 8.9 0.46 
control-II_16-144 135 8.68 64.28 29.5 4 9.9 0.4 
HEB-16-144_4H 130 7.28 56.02 28 4 9.4 0.43 
control-II_19-058 125 7.99 63.88 29 4.2 9.4 0.45 
control-IV_19-058 126 6.02 47.75 25.6 3.7 8.9 0.42 
control-I_19-058 122 6.42 52.66 28.8 3.9 9.9 0.39 
control-V_19-058 138 8.92 64.67 27.6 4.2 9 0.47 
control-III_19-058 117 5.84 49.88 27 3.8 9.3 0.41 
HEB-19-058_3H 146 9.16 62.74 26.4 4.1 8.8 0.47 
HEB-05-157_7H 157 9.33 59.44 31.1 4.3 10.8 0.4 
HEB-05-
157_5H/7H 
122 7.72 63.25 29.3 4.1 9.9 0.41 
HEB-05-157 127 6.9 54.35 26 3.9 8.7 0.45 
HEB-06-138_7H 131 8.04 61.37 30.6 4.2 10.4 0.4 
HEB-06-
138_2H/7H 
100 5.5 55.04 27.7 4 9.1 0.44 
HEB-06-138 106 5.99 56.53 28.9 4 9.4 0.43 
HEB-09-167_7H_2 150 8.67 57.78 29.3 3.8 10.4 0.37 
HEB-09-167_7H_1 126 7.19 57.1 27.4 4 9 0.44 
HEB-09-167_7H_3 119 7.84 65.91 30.1 4.1 10.3 0.4 
HEB-09-167 106 6.2 58.44 30.8 3.9 10.8 0.36 
HEB-13-
124_4H/7H 
142 7.67 54.04 26 3.8 8.9 0.43 
HEB-13-124_7H 144 10.39 72.16 29.6 4.4 9 0.49 




















28.4 4.1 9.2 0.45 
HEB-02-
017_7H_3 
188 11.24 59.8 28.5 4.1 9.3 0.44 
HEB-02-017 152 8.79 
57.8
4 












30.2 3.8 10.5 0.36 












30.4 4.2 10.4 0.4 
HEB-19-058 136 7.56 55.6 27.5 3.9 9.4 0.41 






In bold: the original HEB lines and the progenies that carry the PCH substitution of 
interest. GPE= grain per ear; TGW= thousand grain weight; W_L= width/length; Main 
seeds= number of seeds. Asterisks mean significant differences ( * = P-value <= 0.05; ** 
= P-value <= 0.01; *** = P-value <= 0.001) between the lines still carrying the PCH 
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HIGHLIGHT 
Discovering QTL-hotspots for yield-related grain traits in a population 
developed from 25 diverse wild barley lines reveals new opportunities for 
improving cultivated barley.  
ABSTRACT 
To explore wild barley as a source of useful alleles for yield improvement in 
breeding we have carried out a genome-wide association scan using the nested 
association mapping population HEB-25, which contains 25 diverse exotic 
barley genomes superimposed on a ca 70% genetic background of cultivated 
barley. 1420 HEB-25 lines were trialled for nine yield-related grain traits for two 
years in Germany and Scotland, with varying N-fertilizer application. The 
phenotypic data were related to genotype scores for 5,398 gene-based SNP 
markers. 96 QTL regions were identified across all measured traits, the majority 
of which co-localize with known major genes controlling flowering-time (Ppd-H2, 
HvCEN, HvGI, VRN-H1 and VRN-H3) and spike morphology (VRS3, VRS1, VRS4 
and INT-C) in barley. Fourteen QTL hotspots, with at least three traits 
coinciding, were also identified, several of which co-localize with barley 
orthologues of genes controlling grain dimensions in rice. Most of the allele 
effects are specific to geographical location and/or exotic parental genotype. 
This study confirms the existence of beneficial alleles for yield-related traits in 
exotic barley germplasm and provides candidate alleles for future improvement 
of these traits by the breeder. 
Keywords 
Genome-wide association scans (GWAS), nested association mapping (NAM), 
yield-related grain traits, quantitative trait locus hotspot (QTL hotspot) 
INTRODUCTION 
During the past decades improvements in breeding and agricultural practice 
have led to several-fold increases in the yields of many crop plants. However, by 
2050 current yield improvement rates for the World’s major staple crops are 
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estimated to be insufficient to feed the growing world population (Tilman et al., 
2011). The small grain cereals rice, wheat, barley, rye and oat contribute 
roughly 50% of the World’s food supply (FAO stat). Barley is the fourth most 
important cereal crop and it serves as a model-species for the temperate cereals 
as it can grow in disturbed habitats (Baum et al., 2007) and it tolerates quite 
stressful conditions, including drought, high and low temperature and salinity. 
It therefore holds the promise of improving yield by expanding the area under 
cultivation to marginal regions (Tester and Langridge, 2011).  
Dramatic yield improvements have been achieved in small grain cereals via the 
introduction of dwarfing genes in the 1960s-70s (Hedden, 2003), which 
improved both the capacity to withstand lodging and respond to nitrogen-based 
fertilizers. Additional improvements involved selection on flowering time genes 
to extend the growing period and thereby increase yield bearing capacity 
(Borlaug, 1983). The last big improvement involved breeding for disease 
resistance, which has stabilised cereal yield against microbial pathogens 
(Tilman et al., 2002).  
Most genetic improvements in yield involved intercrossing existing high-
performing germplasms. While this has been productive, it has resulted in 
genetic loss across the whole cultivated genome and this loss has been severe 
at multiple loci. Recent genomic surveys comparing wild and domesticated 
barley germplasms revealed high diversity in the former and severe selective 
sweeps involving hundreds of genes in the latter, indicating that much of this 
diversity has been lost as a consequence of domestication (Sakai and Itoh, 2010; 
Huang et al., 2012; Hufford et al., 2012; Xu et al., 2012; Russell et al., 2016). 
Wild barley (H. vulgare ssp spontaneum) is the ancestor of modern cultivar 
barley and the source of many of the alleles currently deployed in barley 
agriculture. The introduction of resistance loci against pathogenic fungi from 
the wild into the cultivated gene pool (Steffenson et al., 2007) demonstrates that 
the wild barley gene pool contains potentially useful alleles that are currently 
not being used but it is less clear that loci directly promoting increased yield are 
available for exploitation. Furthermore, one of the major reasons that wild 
diversity is not widely used for crop yield improvement is its linkage drag of 
unwanted wild characters that are difficult to work with in breeding programs 
and mask the much rarer beneficial alleles. This has stimulated the 
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development of advanced backcross (AB) populations derived from crosses 
between wild and cultivar germplasm, followed by backcrossing to the cultivar 
background and multiple selfing (von Korff et al., 2006; Li et al., 2006). Such 
experimental populations allow the discovery of QTLs and beneficial alleles 
derived from wild germplasm. 
Grain yield is the key trait for the breeder but understanding its genetics is 
difficult, due to its quantitative nature and complex inheritance, which often 
interacts with the environment. However, grain yield component traits such as 
thousand grain weight (TGW), grain number per ear (GPE), grain area (GA), 
length (GL) and width (GW)), and ear length (EL) are usually highly heritable. 
Genetic mapping studies have shown genomic regions associated with TGW, a 
trait that is important for malting quality as well as yield improvement in barley 
(Mather et al., 1997; Igartua et al., 2002; Walker et al., 2013; Cu et al., 2016).  
Multiple major genes affecting developmental pathways are known to influence 
grain-traits by modulating the grain filling stages (Alqudah et al., 2014). For 
barley the Photoperiod 1 (Ppd-H1) (Turner et al., 2005) dominant allele 
accelerates progression towards flowering in wild and winter barleys, whereas 
ppd-H1  delays flowering and maturity in spring barleys, where long-days are 
required for better grain-filling (Jones et al., 2008). HvCEN (Comadran et al., 
2012), a homologue of the Arabidopsis gene TFL1 regulates the induction of 
flowering. FLORICAULA (FLO) locus (2H at 107.36 cM), which encodes an 
ortholog of the Arabidopsis LEAFY transcription factor which is a counterpart 
of FLORICAULA in Antirrhinum (Kyozuka et al. 1998). Lastly, HvGI, the barley 
orthologue of the GIGANTEA flowering locus of Arabidopsis (Dunford et al., 
2005) is known to affect multiple developmental pathways including flowering, 
light signalling, circadian rhythm and miRNA processing (Mishra and Panigrahi, 
2015). 
The development of high-throughput SNP assays for barley, such as 9K iSelect 
(Comadran et al. 2012) and the recent sequencing of the barley genome increase 
opportunities to accurately locate the loci that control yield component traits for 
this crop at the genome-wide level (Waugh et al., 2009; Mayer et al., 2012; 
Mascher et al., 2017). Pin-pointing such loci using genome-wide association 
scans (GWAS) of large genetically diverse populations has two main advantages 
over studies involving bi-parental mapping populations, namely the ability to 
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access multiple gene alleles per locus and higher mapping resolution because 
the former populations carry many more recombination breakpoints in their 
history (Rafalski, 2010; Pasam and Sharma, 2014). Problems associated with 
GWAS include, i) genetic substructuring of the germplasm which gives rise to 
high rates of false positive associations and ii) low allele frequencies which 
confer low statistical power to associations.  
Multi-parent populations such as nested association mapping (NAM) 
populations combine advantages of both the above population types (Yu et al., 
2008; Buckler et al., 2009; McMullen et al., 2009; Nice et al., 2016). NAM 
populations typically contain multiple alleles and rare alleles are enriched due 
to the mating design. This allows QTL mapping for wild-derived beneficial 
agronomic traits in barley (Nice et al., 2017). The HEB-25 barley NAM 
population of 1,420 lines derives from 25 wild barley accessions, each crossed 
with the cultivar Barke, then back-crossed to Barke and subsequently selfed 
three times (i.e. BC1S3). HEB-25 was developed to detect the effects of exotic wild 
barley alleles in the elite genetic background (Maurer et al., 2015). It has been 
utilized in several recent studies, leading to previously unknown QTL 
identification, exotic alleles identification at both known and unknown loci 
affecting plant development, flowering time, rust resistance and salt stress 
(Castillo et al., 2010; Schnaithmann et al., 2014; Maurer et al., 2015, 2016a; 
Saade et al., 2016). 
The main objective of the present study was to investigate yield and yield-related 
component traits in the HEB-25 population under differing eco-geographical 
and fertilizer environments. We have conducted large field trials of the HEB-25 
population in Germany and Scotland, under varying nitrogen fertilizer 
treatments. The phenotypes of nine yield and yield component traits were scored 
and associations sought between these data and corresponding genotypes 
assayed across the population using 5,398 genome-wide SNPs. A genomic 
prediction model was used to confirm the robustness of the GWAS peaks 
detected for each location, separating treatment effects that led us to identify 
both pan-population and family-specific exotic allele effects. Our analysis 
reveals 14 QTL hotspots distributed across the seven barley chromosomes and 
corresponding family-specific exotic allele effects, both positive and negative for 
several yield component traits. 
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MATERIALS AND METHODS 
Plant materials 
The HEB-25 population of 1420 (BC1S3) NAM lines developed using 25 highly-
diverse wild-barleys crossed with the German spring barley cultivar Barke was 
used in this study (HEB-25). The population development design has been 
explained previously (Maurer et al., 2015). 
Field Trials 
The HEB-25 population was planted in two geographical diverse locations 
(Dundee, UK (JHI) (56°28'53.71"N; 3°6'35.17"W) and Halle, Germany 
(51°29´46.47”N; 11°59´41.81”E)). All trials were sown in spring, i.e. end of 
March in Halle and mid-April in Dundee. 
Trialling was undertaken at both sites for two growing seasons (2014 and 2015) 
under two nitrogen (N) treatment levels (N0 and N1). For N0 (low N) there was 
40 and 30 kg/ha residual nitrogen available at Halle and 30 and 60 kg/ha at 
Dundee in 2014 and 2015 respectively. N0 treatment received no additional 
fertilisation. For N1 (high N) 100 kg N/ha was set as the optimum N level and, 
additional N fertilizer was added to achieve this N1 treatment received extra N 
(calcium ammonium nitrate) applied as a 22:4:14 NPK compound mineral 
fertilizer at sowing (JHI) or at the shooting stage (Halle). 60 kg/ha of N was 
applied at both sites in 2014 and for the 2015 sowing the additional N at Dundee 
was unchanged but the Halle rate was increased to 70 kg/ha.  
In Dundee 1371 HEB-25 lines were sown, together with cv. Barke and the 25 
H. spontaneum parents in a modified augmented design type 2 (MAD-2) trial. 
The main plots of the MAD-2 trial consisted of a row of 13 test entries with cv. 
Concerto as the central main plot control. Twenty main plots were sown in a 
column and each treatment accounted for six such columns. In addition, 21 of 
the 120 main plots contained cvs. Barke and Scarlett as control sub-plots, 
which were allocated at random within the main plot. Plots in Dundee consisted 




A randomised complete block design was used in Halle for each treatment: 1536 
plots of two rows of length 1.40 meter, spacing of 0.20 meter between rows and 
0.50 meter between plots. There were 1420 trial entries, 26 parents (25 wild 
barleys and cv. Barke) and 90 repeated control cultivars (Barke, Marthe, 
Quench and Scarlett). In Dundee 1371 entries were sown, together with the 26 
parents, in a modified augmented design type 2 as follows. The plots were sown 
in 20 rows by 78 columns, broken down into six adjacent blocks of 20 rows by 
13 rows, each block containing a central 7th column of cv. Concerto as the main 
plot control. Each N treatment accounted for six such columns. In addition, 21 
of the 120 main plots contained cvs. Barke and Scarlett as control sub-plots, 
which were allocated at random within the main plot. Each Dundee plot was 2 
rows, each 2m long and 0.25m apart with 40 seeds in each row and plots 
separated from each other by 0.5m in each direction.  
Phenotyping of Yield traits for NAM lines 
Standard plot samples were taken from each plot, to derive yield-related grain 
traits, when the majority heads were ripe (DGS@ 91). Each standard plot sample 
at Dundee in 2014 consisted of a 25 cm section taken from the middle of both 
of the two rows. This provided more material than needed and in 2015 it was 
reduced to five plants taken from the same section. At Halle, standard samples 
consisted of 10 ears, in both 2014 and 2015 and an additional harvest of the 
entire plots occurred at Halle only to derive an estimate of grain yield (YLD = 
seed weight/plot). 
For each standard sample the number of ears was recorded then the material 
was threshed with a laboratory thresher. The standard sample was weighed and 
the grains counted and imaged  using a MARVIN Digital Grain Analyser (GTA 
Sensorik GmbH, Neubrandenburg, Germany). and These data were used to 
estimate grain Length (GL), grain width (GW), grain area (GA) (= GW x GL), grain 
roundness (GR = GW/GL), grains per ear (GPE) thousand grain weight (TGW). 
The MARVIN Analyser can also report the numbers of seeds that fall into 
different grain width and length fractions. At Dundee, grain width and length 
fractions (in 1mm increments between 3 and 12 mm for GL and 0.5 mm 
increments between 1.5 and 6 mm for GW) were measured.  These data were 
used to derive the grain stability traits: standard error of Grain length (SE_GL) 
and standard error of Grain width (SE_GW).  
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Trait descriptions – years, treatment and locations – are given in Table S1. Raw 
data for all the above traits are deposited in the public data repositories e!DAL 
(https://edal.ipk-gatersleben.de/) at Sharma et al. (2017).  
Genotyping of NAM lines 
The Illumina iSelect 9K chip containing 7864 SNPs was used to genotype HEB-
25 lines. After filtering for minor allele frequency (<10%), heterozygosity 
(<12.5%) and duplicates, 5,398 informative SNPs were used in this study 
(Maurer et al., 2017). To obtain SNP effects, an identity-by-state (IBS) approach 
was used and NAM line genotypes were coded using Barke as a reference allele, 
with homozygous Barke, heterozygous and homozygous exotic wild genotypes 
coded as 0, 1 and 2, respectively. 
Phenotypic data analysis 
Spatial (within-trial) variation for all traits was explored, using control plot 
scores, without obtaining any notable improvement, so spatial correction as not 
applied in this study. Summary statistics of the phenotypic data and analysis 
of variance (ANOVA) were generated using Genstat version 18 (VSN 
International, 2015). Generalized heritability (h2) values were calculated by 
applying the VHERITABILITY procedure of Genstat version 18 (Cullis et al., 
2006) after a REML analysis of the data with genotypes and their interactions 
with sites, years and nitrogen level set as random factors and the main effects 
of site, year and nitrogen fixed wherever present. As there was no replication, 
the interaction between genotypes, sites, years and nitrogen levels was taken as 
the error. 
Genome-wide association and Linkage Disequilibrium analyseis 
To perform GWAS on yield traits Model B (Liu et al., 2011; Würschum et al., 
2012) was used as described by (Maurer et al., 2016b). Besides, a main effect 
for HEB family Model B uses cofactors to control the genetic background and 
SNP effects are included as main effects using quantitative identity-by-state 
(IBS) genotype matrix scores [Model B, Y = µ + HEB family+ ∑SNPIBS + Ɛ]. 
Cofactors that minimize the Schwarz Bayesian Criterion (Schwarz, 1978) were 
selected using Proc GLMSELECT in SAS software (SAS Institute Inc.,Cary, NC, 
USA). During the stepwise forward-backwards selection procedure of cofactors 
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SNPs were allowed to enter or leave the model at each step until a further 
reduction of the Schwarz Bayesian Criterion was not obtained (Schwarz, 1978). 
To control false positives, a conservative threshold value of (-log10P = 5) was used 
in GWAS to give consistent values for comparison across traits. To estimate the 
proportion of phenotypic variance explained by a SNP, R2 was obtained from a 
linear regression model.  
Linkage disequilibrium (LD) between polymorphic SNPs (>5% minor allele 
frequency) was, calculated using the solid spine method in Haploview 4.2 to 
define the extents of QTL intervals within the barley chromosomes (Figures S13-
S22). Where several significant SNPs were detected in a haplotype block, only 
the most significant was retained. 
Cross-validation 
Five-fold cross-validation was run twenty times for each trait, for each location, 
year and treatment combination. For this purpose the total dataset was divided 
into subsets containing 80% of randomly selected HEB lines per family and used 
for GWAS. The significant SNPs obtained therein were used to predict the 
phenotypic values of the remaining 20% of lines as a test set. The squared 
Pearson product-moment correlation (R2-value) was estimated between 
predicted and observed phenotypes in the test set. Finally, detection rate (DR) 
was obtained as the number of times a SNP showed significance across the 100 
cross-validation runs.  
Family-specific donor allele QTL effects 
To estimate the exotic allele QTL effects among the 25 NAM families, we use the 
cumulated significant effects method described in (Maurer et al., 2016b) which 
is based on Model A of (Liu et al., 2011), where the family main effects are 
excluded. The procedure involved first the identification of a QTL peak marker 
that showed the highest detection rate across all cross validation runs. Since 
the wild introgressions in HEB25 extend 26cM on average (Maurer et al., 2017), 
each peak marker was placed at the center of a 26 cM interval and the SNP 
effects for each of the HEB-25 wild donors were estimated following the formula, 
∑ 𝑆𝑁𝑃(𝑑𝑜𝑛𝑜𝑟)𝑖 ∗  𝛼𝑖
𝑛
𝑖  , where 𝑖 iterates through all significant SNPs (n) of the same 
size interval. Here 𝑆𝑁𝑃(𝑑𝑜𝑛𝑜𝑟)𝑖  indicates the donor genotype (0 or 2) of the 𝑖th 
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Field trials were performed for the complete HEB-25 population in Scotland and 
Germany over two years, with two different N-fertilizer treatment regimes, 
occupying over 12000 plots in total. For all recorded grain yield traits strong 
variation was observed within the population. Transgressive segregants 
surpassing the recurrent elite parent “Barke” were observed for all yield related 
traits (Fig1a). Coefficients of variation for the traits were in the region of 5% for 
GW, 10% for TGW, GA, GL GR and SE_GW, 20-34% for GPE and SE_GL and 
40-47% for GY (Table S2). Moderate (>0.30) to high heritabilities (h2) were 
observed for all traits except GL in the N0-treatment at Dundee and SE_GW in 
both treatments at both sites, although both heritabilities were >0.30 across 
sites. The lower heritability of GL in Dundee N0 is probably due to threshability 
problems asscociated with the wild donor(s) that caused varying degrees of awn 
retention in the samples, which was exacerbated under the low N treatment. In 
general, higher values of h2 were found in Halle compared to Dundee, suggesting 
location and environmental differences (Fig. S3-S11). ANOVA showed significant 
(P<0.001) genotype and N-treatment effects for all traits at all locations (Table 
S3). Genotype x Year interactions were also significant for all traits except the 
two grain stability traits in DUNDEE and GA at HALLE. In contrast, genotype x 
N-treatment interactions were only highly significant (P<0.001) for GW and GPE 
at DUNDEE and never approached significance for any of the traits scored at 
HALLE, suggesting a general absence of differential N-treatment effects upon 
the genotypes studied.  
Correlations among the yield–related traits are shown in Fig1b. TGW showed 
strong positive correlation with GA and GW and weaker positive correlation with 
GL, GR and YLD. TGW also showed pronounced negative correlation with 
SE_GW. GA correlated positively and strongly with GL, GW and TGW and 
negatively with GR. GL showed an expected very strong negative correlation with 
GR but interestingly, also a negative correlation with GPE. YLD showed positive 
correlations with TGW, GW, GR, GPE and negative correlations with GL and the 
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stability traits SE_GW and SE_GL. At both locations positive correlations were 
observed for all traits across N treatments (Fig. S1, see diagonal). In general 
lower correlations were observed at Dundee compared to Halle across N 
treatments, reflecting the occurrence of significant genotype x treatment effects 
in Dundee. In general, the correlations shown in Figures 1b and S2 suggest that 
there is considerable independent genetic control for all the traits studied. 
TGW did not show wide variations across site, year and treatment combinations 
(Fig. S3). In contrast, GA had a higher mean at the N0 treatment at both 
locations (Fig. S4) but this was driven by a higher GL at Dundee (Fig. S5) and a 
higher GW at Halle (Fig. S6). Both GL and GW tended to be higher at Halle than 
Dundee (Figs. S5-S6). Grain roundness (GR) varied with N treatments but 
different trends were apparent between the two trial sites (Fig. S7). GPE was 
consistently lower at Dundee compared to Halle (Fig. S8) and an opposite effect 
of N-treatment was apparent between the two sites in 2014 with N1 being higher 
than N0 at Dundee. This may reflect differences in pre-anthesis growth 
conditions at the sites with longer and cooler days at Dundee favouring an 
increase in fertile spikelets, whereas shorter and warmer days limiting spikelet 
fertility at Halle in 2014. Surprisingly, YLD (scored only at Halle) was unaffected 
by increased N in 2014 but the expected yield increase was seen in 2015. 
Variance components analysis revealed that the genetic main effect ranged from 
5% (SE_GW) to 60% (YLD) of the total phenotypic variation (Fig. S2). However, 
the sum of the genetic interactions were, with the exceptions of GL, GW, and 
SE_GW, less than the genetic main effect. The genotype x location effect was 
generally the greatest interaction with the genotype x treatment component 
being never greater than 1%, confirming the ANOVA findings. 
Analysis procedure 
We followed a tripartite approach to characterize the effects of the three major 
parameters under investigation here, namely wild donor germplasm type, 
genomic location and environment upon the grain yield traits: i) GWAS analysis 
was performed on each of the 64 trait-by-trial (location/year/N treatment) 
combinations. Comparison of the QTLs identified across the trials yielded QTL-
hotspots (see below) wherein multiple traits coincide ii) To identify and locate 
genomic regions affecting yield grain trait differentially according to N-treatment 
249 
 
regime, cross-validation was run between the two N treatment regimes, using 
as inputs the combined data for the two trialling years at individual sites (i.e. 
Halle N0 2014 + 2015 vs Halle N0 2014 + 2015 and Dundee N0 2014 + 
2015 vs Dundee N0 2014 + 2015). iii) Family-specific donor effects were 
determined for each QTL to provide the contrasting allelic diversity values of the 
25 wild barley donors. 
Genome-wide association of grain yield related traits 
Genome-wide association scans were performed separately for all 64 
combinations of trait, treatment, year and location (Table S1). The Manhattan 
plots showed highly significant associations for all traits studied across the 
seven barley chromosomes (Fig. S12). The most significant marker-trait 
association for TGW, GA, GL, GW, GR, GPE, YLD, SE_GW and SE_GL were 
located at chromosome 4H (14.9 cM), 1H (97.9 cM), 2H (55.5 cM), 4H (14.9 cM), 
2H (56.2 cM), 2H (23 cM), 4H (3.5 cM), 3H (40.7 cM) and 1H (100.1 cM), 
respectively (Fig. S12 and Table S4).  
To discriminate QTL overlaps between trials we used LD analysis of the iSelect 
SNP data (see Materials and Methods). This revealed 819 LD blocks distributed 
across the seven chromosomes with a maximum of 172  on chromosome 5H 
and a minimum of 90 on chromosome 4H (Fig S13). This enabled us to identify 
100 trait-specific QTL regions with significant (-log10P≥5) associations in at least 
three environments (Fig. S5-S11 and Fig. S13-S22). These 100 QTL regions were 
then consolidated into fourteen QTL hotspots containing QTL regions for at least 
three different traits (Figure 2) (grain stability traits are not considered here due 
to low heritability, see below). Five of the QTL hotspots were found on 
chromosome 2H, with hotspot 2_1 showing significant effects for all yield related 
traits except YLD. Every other chromosome contains between one and two QTL 
hotspots. Five hotspots are either located adjacent to or within the seven low-
recombining peri-centromeric regions (Figure 2 and Table S4). In addition, at 
least 10 hotspots also map close to known yield-related genes of barley (Figure 
2). The significance of these linkages is discussed later. 
For the grain stability traits, we detected four QTL for SE_GL that were 
significant in more than three environments; distributed on chromosome 1H, 
2H, 3H and 6H (Fig. S22). Five QTL for SE_GW were significant in more than 
250 
 
three environments, three on chromosome 2H and one each from chromosome 
3H and 4H (Fig. S21). 
The estimated phenotypic variation explained by SNPs across all measured 
traits was usually low, r2 < 5% for 88% of SNPs. However, SNPs from genomic 
region 3H (44.8 cM) showed the highest explained variation for YLD (r2 up to 
31%), followed by SE_GL (29%), GL (26%) and GR (22%) on chromosome 1H 
(100.0 cM) and GPE (23%) on chromosome 2H (76.2cM).  
Cross-validation analysis 
To test the robustness of the GWAS identified peaks and their sensitivity to N 
treatment effects, the genomic selection approach of Maurer et al. (2017) was 
used (see Materials and Methods). In total 581 SNPs were robustly detected (DR  
≥ 40) across the traits (Table S5). A lower number of SNPs from Dundee (241) 
were significant compared to location Halle (340). Almost equal SNP numbers 
were associated under N0 and N1 treatments (289 and 292, respectively).  
In total these SNPs form 96 QTL across all traits. Most of the significant regions 
were found across the N treatments, displaying again the relatively ineffective 
N-treatment in our experiments (Fig 3). Nevertheless, 31 QTL were found to be 
significant to only one N-treatment type. (Table S5). For example, QTL on 
chromosome 1H, QTL_1H-3, QTL_1H-5, QTL_1H-7, QTL_1H-11, QTL_1H-15, 
QTL_1H-16 and QTL_1H-17 were present only in N0-treatment. These N-
treatment specific QTL were dispersed on seven chromosomes of barleys.   
Seven QTL regions were only present in Dundee and fourteen only in Halle 
(Table S5). Fourteen, QTL hotspots discovered in GWAS analysis were also 
significant in the cross validation across traits, N treatments and locations 
(Table S5, Fig 3). Four of these hotspots were from the peri-centromeric low 
recombining region of the genome (QTL hotspots 1_1, 2_1, 4_2 and 6_1; Table 
S4-S6 and Fig 2). However, five QTL-hotspots appeared to show robustness for 
several traits and at higher cross validation levels (>60). These were QTL-
hotspots: 1_2, 2_2, 3_2, 4_2 and 7_1, respectively (Fig 3 and Table S5).  
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Family-specific QTL effects 
The 25 wild barley alleles contribute on average to increasing or decreasing trait 
values depending on the QTL. For example the wild alleles at QTL-hotspot 1_1 
on average decrease the trait values of GR, GW and yield stability traits, SE_GL, 
SE_GW, however, GPE and GL values increase by wild alleles (Table S5). 
Importantly, individual wild alleles from single families in several cases cause 
opposite effects of increasing and decreasing trait values, demonstrating the 
existence of both beneficial and harmful trait alleles within the HEB-25 
population (Fig 4). For example, 14 HEB-25 families are associated with 
decreasing GA and 11 with increasing GA values at QTL-hotspot 2_4 (Table S6). 
Within-family, effects were largely similar except 26 trait, treatment and location 
combinations where the family effects were different across the families 
(indicated by coefficient of variation >11 for the effects across families). The TGW 
QTL_3H_5 in Halle under N0-treatment is among the largest contrasting 
difference between HEB families. This region shows decreasing and increasing 
effects on TGW, varying between -3.04 grams and +2.56 grams depending upon 
the family (Table S6). 
DISCUSSION 
A major goal for modern plant breeding is to create plant material that can 
withstand varying environmental challenges while delivering high yield. Yield 
per se is a complex end-product, deriving from many interacting developmental 
processes, both at the whole plant and individual organ levels. This work seeks 
to find beneficial alleles from wild germplasm which control yield-related 
component traits defining the spatial dimensions of individual barley grains and 
the barley ear. We have also looked across different growth years, geographical 
locations and N fertilizer inputs in order to probe the stability of these traits 
against environmental variation and we measured the stability of the grains’ 
dimensions under these differing parameters. 
We chose the HEB-25 NAM population for our study for two main reasons. First, 
it allowed us to interrogate 25 different wild barley genomes, providing a rich 
allelic diversity that should affect most of the major developmental processes 
that regulate barley grain yield under environmental change. Second, the BC1S3 
genetic structure results in individual lines carrying ca 25% wild germplasm 
against a background of ca 75% cultivar genome, reducing the masking of 
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beneficial trait effects by linkage drag from the wild genome. This choice has 
been justified by the strong QTL effects seen here and the identification of 
multiple QTL hotspots. 
The phenotypic data collected here displays large variation in the measured 
yield traits across the population. For all traits we see transgressive segregants 
which surpass the trait values of the recurrent parental elite barley cultivar 
Barke, showing that wild alleles in our population can surpass a modern elite 
variety`s yield. We have also observed large genotype-environment interaction 
effects in our data set, particularly with regard to trial site. This is not 
surprising, since the two sites are separated by 5o latitude and Dundee has a 
maritime location whereas Halle is mid-continental, leading to pronounced 
differences in photoperiod and temperature change between the two locations 
across the seasons. For this reason we evaluated our genome-wide scans 
separately for each combination of trait/location/year (See Table S2-S3 and Fig. 
S2).  
Our approach has yielded 1,065 SNPs (many of which overlap in their effects) 
that are associated at high significance with the trait data. To simplify this 
complexity and discover the most important genomic regions affecting the traits 
under investigation, we adopted a two-tier strategy to condense the 379 
trait/environment/genomic location QTLs, first into 92 trait-specific QTL 
regions then into fourteen QTL-hotspots affecting at least three yield-related 
traits simultaneously (Fig 2). Four of these (QTL hotspots 1_1, 2_1, 4_2 and 6_1) 
are in low recombining peri-centromeric regions, which hampers efforts to 
localize them accurately. However, using a candidate gene approach from 
related cereals, we propose candidate genes co-localizing to several regions 
(Tables S4-S6 and Figs S3, S5-S13). In the next section we discuss these four 
hotspots in detail.  
Major genomic hotspots for barley grain trait QTLs 
QTL hotspot 2_1 
All grain traits measured in this study except YLD coincide at this hotspot, 
which was also confirmed in the cross validation (CV) analysis. A wild allele 
effect of +2.59mm2 on GA (Halle N0) was seen within family 5 at hotspot 2_1 
(Table S5-S6). This hotspot lies within the low recombining pericentromeric 
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region of chromosome 2H. This is a region of very high LD and thus contains 
many genes but the obvious candidate gene in this region is HvCEN (Comadran 
et al., 2012). Interestingly, this region also displays associations for almost all 
developmental phases studied by Maurer et al. (2016) and has been picked up 
previously for yield and some component traits by Comadran et al. (2011) and 
Pasam et al. (2012).   
 
QTL hotspot 2_4 
As for hotspot 2_4, all grain traits except YLD are located in this region, which 
is close to the FLORICAULA (FLO) locus (107.36 cM) in a region of low LD (Fig 
S13. The rice FLO orthologue controls panicle initiation and could be the 
causative gene in this region. QTLs for ear length (Li et al. 2006) and YLD (Saade 
et al., 2016) has been mapped to this region previously and 12 of the HEB 
parents contribute an increasing allele for GPE at this hotspot (Figure 4). 
 
QTL hotspot 3_2 
Almost all yield-related traits showed overlap at this region (Fig. 2, Table S5), 
which has low to moderate LD (Fig S13). This position . has been picked up in 
other GWAS studies of yield (Nice et al., 2017; Xu et al., 2018). There are at least 
three candidate genes known to reside at or very close to this hotspot, namely 
the six-rowed spike 4 gene Vrs4 (Koppolu et al., 2013), the brittle rachis loci btr1 
and btr2 (Pourkheirandish et al., 2015) and HvGI, the barley orthologue of the 
GIGANTEA flowering locus of Arabidopsis (Dunford et al., 2005). Vrs4 was 
identified from 6-row mutants with lateral spikelet fertility and loss of 
determinacy but its role in natural variation of yield is not known. Brittleness, 
specified by the, btr loci, has an indirect effect on yield (most of the seed falls to 
the ground before and during harvest) but btr alleles do not affect grain or ear 
dimensional parameters, whereas the QTL hotspot 3_2 does, so  we conclude 
that btr1 and btr2 are not the major determinants of the QTLs found here. Vrs4 
controls the 2-row/6-row switch via spikelet determinacy, thus strongly 
affecting all ear and grain dimension parameters. Lastly, HvGI is known to affect 
multiple developmental pathways including flowering, light signalling, circadian 
rhythm and miRNA processing (Mishra and Panigrahi, 2015), so it is in our 
opinion an excellent candidate for this QTL hotspot. The wild parents of families 
01 03, 12 and 24 contribute increasing TGW alleles at this hotspot and Families 
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01 and 24 in particular have broad positive effects upon individual grain 
component  traits (Figure 4). 
QTL hotspot 7_1 
This hotspot shows significance across almost all traits, the sole exception being 
GW that is significant only in Halle trials (Fig 2 and Table S4). CV analysis 
revealed that the wild barley allele increases GA, GL and SE_GW, whereas GPE, 
GR, YLD and GW are reduced. All wild alleles at this hotspot, apart from family 
1, reduce YLD and GPE. Almost all the wild parents contribute increasing alleles 
for GA at this hotspot, the exceptions being families 3 and 23. This appears to 
be due to an increase in GL that must be greater than the associated decrease 
in GW as the wild parents are generally contributing increasing alleles for the 
former and decreasing for the latter (Figure 4). 
 
The vernalization locus VRN-H3 is located in this region (Yan et al., 2006; Faure 
et al., 2007; Turck et al., 2008) and QTLs for YLD have been detected nearby in 
other AB-QTL studies (Li et al., 2006; von Korff et al., 2006). VRN-H3 is the 
orthologue of the Arabidopsis FT gene that plays a central role in the flowering 
pathway acting as a switch to progress from vegetative to reproductive growth 
under long day conditions. Within the HEB-25 population this region has been 
shown to be associated with multiple developmental traits including shooting, 
flowering and maturity and plant height (Maurer et al., 2016a), where wild 
alleles revealed a high diversity across the HEB families (Maurer et al., 2017). 
Interestingly, SNP markers 4cM away from VRN-H3 have been found to 
be associated with reducing TGW (Maurer et al., 2016a) but we observe GPE 
reduction in almost the same region. These two traits act inversely to each other 
in situations where GL is constant. Furthermore, we do not see significant 
correlation between these traits in our trials (see Fig1 and Fig S1). This suggests 
that this genomic region contains a different gene than VRN-H3 controlling 
GPE. Another possible source of this QTL is suggested by the region's overlap 
with two rice grain trait genes, IAA-glucose hydrolase TGW6 (Ishimaru et 
al. 2013) and a mitogen-activated protein kinase OsMAPK6 (Liu et al. 2015) 
which influence grain size, thousand grain weight and biomass. This is a region 
of low LD and constitutes a very credible candidate region for further high 




We have identified other rice grain trait genes co-localizing at our QTL-hotspots 
(e.g, OsMAD29, GW2 and TGW6 at hotspot 6_1). These findings need future 
investigations to confirm whether the aforementioned candidate genes are 
causal agents for these QTL-hotspots. Interestingly, previous studies in cereals 
also pointed to the existence of QTL-hotspots regions (Marathi et al., 2012; 
Rustgi et al., 2013; Mikołajczak et al., 2016; Wang et al., 2016). Further, our 
QTL-hotspot 2_2 which is genetically linked to the major barley row-type gene 
VRS1 corresponds to the QTL-hotspot on chromosome 2H found in Wang et al 
(2016) (Wang et al., 2016). We were able to reliably identify this locus although 
only a single family (Family 24), shows the six-rowed phenotype. Furthermore, 
family-specific effects of increasing GPE and reducing TGW and GW in wild 
allele carrying lines of HEB family 24 was observed which is mainly due to the 
six-row spike morphology. It is intresting to see an overlap of the QTL-hotspot 
2_1 with regions E and F-regions and hotspot 4_1 with region I of the reported 
hotspots in the paper of (Mikołajczak et al., 2016). This locus has recently also 
been reported to carry a major flowering time QTL in HEB-25 popuation 
affecting developmental and grain traits simultaneously (Maurer et al., 2015, 
2016a). Efforts are underway currently by us to clone the candidate gene behind 
the 4_1 region that also affect several developmental phases and grain-traits. 
Moreover, (Coventry et al., 2003) reported QTL localization in the bins 7, 8, 9, 
10, 11 and 13, which most likely corresponds to our QTL-hotspots 2_1, 2_2, 
2_3, 2_4 and 2_5 on chromsome 2H.   
Grain stability traits  
The largest peak for the grain stability trait SE_GL, the largest peak, is on 
chromosome 1H (100.1 cM) (Table S4 and S5), with wild alleles increasing the 
parameter on average. Interestingly, the thresh-1 locus (Schmalenbach et al., 
2011), controlling grain threshability is the candidate gene. Thresh-1 is linked 
to the SNP marker BOPA1 SNP marker 2_0267 BOPA1_1923_265 
(Schmalenbach et al., 2011), which maps to 98 cM and proved to be significant 
in our study.  Poorly threshing lines are prone to over-threshing, which leads to 
seed damage and consequently variation in seed dimensions, in particular GL. 
For SE_GW, QTLs on chromosomes 3H (40.7 cM) and 4H (14.9-26.3 cM) show 
high significances, with wild alleles contributing to increase in the GW standard 
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error. These regions coincide with the intermediate row-type loci, int-C and Vrs4 
(Ramsay et al., 2011; Koppolu et al., 2013), which both affect spike morphology 
and GW (see above).  
Environmental effects 
With the increasing threat of global temperature rises, it is necessary to 
understand environment-specific effects at QTLs that control grain yield 
parameters. In our study we provide an inventory of genomic regions which have 
large environmental effects. Several environment-specific effects on grain 
dimension have been found by us in HEB-25, in addition to the main effects on 
grain dimension discussed above (Fig. S2, Table S4-S6), several environment-
specific effects were also observed, as evident from the multi-environment 
analysis (Fig. S2, Table S4-S6). For instance, N0-specific QTL effects from 
QTL_1H-12 and QTL_1H-16 appeared in Halle and QTL_3H-9 across locations. 
In several cases candidate genes overlap with these QTLs. For example, HvELF3 
(Faure et al. 2012; Zakhrabekova et al. (2012)) maps to the QTL_1H-16 region. 
This gene affects the circadian clock and thus flowering, so it is not surprising 
to observe environment-specific effects on grain dimensions.  
Further investigation is needed to uncouple the effects of temperature and 
photoperiod, which often interact at several stages of plant development.  
In this study we aimed to uncover loci controlling grain yield component traits 
under varying N treatments. However, our trials failed to show major differences 
between the treatment levels. We have observed similar results previously for 
other barley germplasms (data not shown) and many of the trait values studied 
here tend to correlate between N treatments (Figure S1). The low rate of 
significant Genotype by Treatment interaction effects observed here (four out of 
sixteen, Table S3) supports this interpretation.  
We believe that one reason for this result is that residual N availability in our 
experimental fields, which were fertilized in previous years (see Materials and 
Methods), reduced the contrast between the two N treatment levels. Another 
possible explanation is that the HEB lines carry a high content of wild-derived, 
unadapted genome that renders them unable to respond to high fertility 
European environments.  
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Family-specific effects – Beneficial wild alleles 
 
This study has revealed a number of strong family-specific allelic effects, which 
are contrasting between HEB families, suggesting high allelic diversity within 
the HEB-25 population (see above, Fig 4, Table S6). Several such allelic effects 
show improvements relative to the cultivar Barke allele (Table S6), indicating 
that useful genetic diversity resides within the exotic gene pool. At the 
QTL_hotspot 2_1 exotic alleles from multiple HEB families, including F18, F24 
and F25, are associated with up to 6% increase over the cultivar Barke values 
for GA (Table S6, column AN). Hotspot 3_2 also contains strong positive exotic 
allele effects, particularly from families 01 and 02, on GL, GR and TGW with no 
compensating deleterious effect on GPE (Table S6, column AN). Furthermore, 
YLD improvements of up to 6.8% from the Family 01 exotic-allele, via 
improvement in both GA and GPE, are also associated with QTL hotspot  7_1, 
which suggests the relevance of the HEB-25 for yield improvements in barley. 
In comparison to bi-parental or unstructured diversity population analysis, our 
multi-parental barley NAM design allows us to determine family-specific effects 
of wild barley alleles. This may guide future efforts in allele mining as we know 
the geographical locations of the wild barley donors of HEB-25 population and 




An understanding of the genetic components underpinning yield-related traits 
is a pre-requisite to precision engineering of future yield improvement. We have 
used the genetic diversity of HEB-25 NAM population to explore genetic loci 
specifying such traits in barley under varying environments. We find fourteen 
QTL hotspots, at least ten of which are located outside the low-recombining 
pericentromeric regions, so are easily accessible for recombination-based 
breeding. Our analysis shows co-segregation of QTL-hotspots with multiple 
developmental genes affecting flowering time and spike morphology. Our 
findings also highlight the importance of wild barley alleles in increasing TGW 
but at the cost of reducing GPE and increasing height, with corresponding 
deleterious effects on grain yield. Balancing such positive and negative effects 
against each other to produce overall yield improvement will be  ethe target for 
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future breeding efforts. The wild-derived regions affecting grain size are 
associated with family-specific modulation in this parameter and these regions 
can therefore be an entry point for future allele-mining efforts. We are currently 
analysing exome-captured SNP sequence data of the HEB-25 population, which 
will allow us to discern family-specific haplotype effects in greater detail as a 
prelude to such activities.  
SUPPLEMENTARY DATA 
Supplementary Figures 
Figure S1: Correlation matrix of the yield traits across locations and 
treatments. Red = negative correlation, green = positive correlation. 
Correlations between the treatments are shown diagonally. 
Figure S2: Variance components of the yield traits displayed in 
percentages. 
Figure S3: Box plot of thousand grain weight (TGW in grams).   
Figure S4: Box plot of grain area (GA in mm2).   
Figure S5: Box plot of grain length (GL in mm).   
Figure S6: Box plot of grain width (GW in mm). 
Figure S7: Box plot of grain roundness (width to ratio in %) (GR).   
Figure S8: Box plot of grains per ear (GPE in number). 
Figure S9: Box plot of yield (YLD in grams, only from Halle). 
Figure S10: Box plot of standard error of grain width (SE_GW). To ease 
displaying, values are multiplied by 10. 
Figure S11: Box plot of standard error of grain length (SE_GL only from 
Dundee). To ease displaying, values are multiplied by 10.   
Figure S12: Genome-wide association scans of yield traits. 
Figure S13: LD of mapped SNP markers in HEB-25 population.  The plot 
uses a GOLD heatmap color scheme implimented in Haploview 4.2.  
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Blocks of LD based on the Solidspine alogarithm of Haploview4.2 are 
indicated as black outlines. The four QTL-hotspots discussed here are 
shown on chromsomes 2H, 3H and 7H. 
Figure S14: Distribution of thousand grain weight (TGW) QTLs across 
barley chromosomes. 
Figure S15: Distribution of grain area (GA) QTLs across barley 
chromosomes. 
Figure S16: Distribution of grain length (GL) QTLs across barley 
chromosomes. 
Figure S17: Distribution of grain width (GW) QTLs across barley 
chromosomes. 
Figure S18: Distribution of grains per ear (GPE) QTLs across barley 
chromosomes. 
Figure S19: Distribution of grain (GR) QTLs across barley chromosomes. 
Figure S20: Distribution of grain yield (YLD) QTLs from Halle across 
barley chromosomes. 
Figure S21: Distribution of standard error of grain width (SE_GW) QTLs 
across barley chromosomes. 
Figure S22: Distribution of standard error of grain length (SE_GL) QTLs 
across barley chromosomes.  
 
Supplementary Tables 
Table S1: Description of yield-traits, locations and years recorded. 
Table S2: Summary statistics of yield-related traits. 
Table S3: ANOVA results of phenotypic data within locations. 
Table S4: GWAS results for grain traits. 
Table S5: Cross-validation results for grain traits. 
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Table S6: Family-specific effect estimations based on the cumulating 
method. SNPs surpassing the cross validation ≥25 was chosen as a threshold. 
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Figure 1: Phenotypic distribution of yield traits. (a) The box-plots displays 
yield component traits based on averages over sites, locations, years and 
treatments. The dotted red  lines indicate the Barke (recurrent parent) trait 
scores. (b) Pearson’s correlation coefficients between yield component traits 
based on trait means across treatments, sites and years. Abbreviations of yield 
component traits: thousand grain weight “TGW”, grain area “GA”, grain length 
“GL”, grain width “GW”, grain roundness “GR”, grains per ear “GPE”, “YLD” 
yield. Green = positive correlation, red = negative correlation. 
Figure 2: Circos-graph displaying QTL-hotspots for yield-related traits. 
QTL-hotspot intervals, wherein several yield-related traits coincide, are 
bordered by grey radial lines. Map positions of candidate genes from barley and 
related cereal species which affect developmental and yield trait effects are also 
shown, 
Figure 3: Genetic architecture of yield-related traits under varying 
nitrogen level. Cross validations (≥40) are displayed, where the height of the 
histogram bar corresponds to the number of cross validations (see Materials 
and Methods). Highest significant SNPs are projected when multiple SNPs 
coincideover sites and N treatments (See Table S5). 
 
Figure 4:  Family-specific effects at the four major QTL-hotspots studied 








Figure 1: Phenotypic distribution of yield traits. (a) The box-plots display 
yield component traits based on averages over sites, locations, years and 
treatments The dotted red lines indicate the Barke (recurrent parent) trait 
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scores. (b) Pearson’s correlation coefficients between yield component traits 
based on trait means across treatments, sites and years. Abbreviations of yield 
component traits: thousand grain weight “TGW”, grain area “GA”, grain length 
“GL”, grain width “GW”, grain roundness “GR”, grains per ear “GPE”, “YLD” 
yield. Green = positive correlation, red = negative correlation. 
Figure 2: Circos graph displaying QTL hotspots for yield-related traits. 
QTL-hotspot intervals, wherein several yield-related traits coincide, are 
bordered by grey radial lines. Map positions of candidate genes from barley and 











Figure3: Genetic architecture of yield-related traits under varying nitrogen 
level. Cross validation (≥40; see Materials and Methods) was used to define QTL 
regions; the heights of the histogram bars correspond to the percentage 





Figure 3: Genetic architecture of yield-related traits under varying 
nitrogen level. Cross validations (≥40) are displayed, where the height of the 
histogram bar corresponds to the number of cross validations (see Materials 
and Methods). Highest significant SNPs are projected when multiple SNPs 





Figure 4:  Family-specific effects at the four major QTL-hotspots studied 
here. The cumulating method with a detection rate ≥25 was used (see Table 
S6).  
 
 
 
 
 
 
 
